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ABSTRACT'
 
 Asian soybean rust, caused by the fungus Phakopsora pachyrhizi, is one of the most 
destructive diseases affecting soybean yield worldwide. Rpp1 is one of the six known resistant 
loci that can confer qualitative resistance in soybean resulting in either red-brown lesions with no 
or limited sporulation, or an immune phenotype indicative of an incompatible interaction, 
showing miniscule or no lesions, and no sporulation. Due to the rapid changing nature of rust 
effector proteins that enable the pathogen to avoid being detected by host resistant genes, and to 
the spectrum of resistance-associated phenotypes observed on the same soybean genotype, 
successful identification of the precise genes that can provide qualitative or quantitative 
resistance would benefit breeding programs, and would advance our understanding of the basic 
biology of the soybean-rust interaction. Two resistant soybean genotypes, PI 594760B and PI 
561356, which both carry a resistant Rpp1 allele, and a dominant susceptible genotype, 
TMG06_0011, were used in the studies of this thesis. RNA sequencing was performed at six 
different treatments: 24, 48, 72, 96 and 120 hours post inoculation (hpi), as well as a mock-
inoculated sample. Small RNA sequencing was conducted at four different treatments: mock, as 
well 24, 48, and 72 hpi. Both transcriptional experiments were aimed to profile transcript and 
small RNA expression, and to identify candidate genes or small RNA loci that are involved in 
increasing either pathogen virulence or host resistance. To possibly identify and clone the Rpp1 
allele(s) in PI 594760B and PI 561356, and to uncover the mechanism of the dominant 
susceptible phenotype, fosmid libraries were constructed, screened and sequenced, and a whole 
genome sequence assembly were conducted on TMG06_0011 using the new 10X Genomics 
Chromium technology. 
 Due to the lack of biological replications, the statistical analysis of differential expressed 
genes was computed by combining the results from GFOLD and EdgeR by using time points 
within a treatment as replicates. By looking at the genes that were consistently down regulated 
after rust infection compared to mock treatment in all three genotypes, cell wall biosynthesis and 
lignin biosynthesis were found to be significantly enriched, suggesting that physiologies related 
to these pathways are fluctuating during this interaction. A clear negative correlation was 
observed between three miRNAs and their targets that are putatively involved in lignin 
biosynthesis, which indicated that the reduction of lignin biosynthesis gene expression might be 
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due to the up regulation of the corresponding miRNAs. A total of 1110 soybean genes were 
defined as differentially expressed between resistant and susceptible genotypes. Among the 
genes that had differential expression between genotypes, a total of 200, 312 and 367 genes that 
were also differentially expressed in the time course for PI 594760B, TMG06_0011, and PI 
561356, respectively. A clear expression pattern was found in that the majority of the defense-
related genes and putative signaling-related genes were up regulated in expression after rust 
inoculation for the two resistant genotypes. However, fewer genes in the same categories showed 
up-regulation in the susceptible genotype. By focusing on the difference between resistant and 
susceptible genotypes, and on whether the gene was rust responsive, a total of 14 genes were 
selected as candidate quantitative resistance genes. Small RNAs levels also fluctuated in the 
soybean rust interactions. Nine soybean-gene-hitting siRNA were considered as rust responsive. 
Especially one of them, overlapped with a MYB transcription factor gene, exhibited distinct 
expression patterns in resistant and susceptible genotypes after rust infection. Both the candidate 
quantitative resistant genes and siRNA loci might have potential to increase the rust resistance 
and may be utilized in breeding programs.  
 Multiple evidences suggest the dominant susceptible locus in the TMG06_0011 genome 
is the same locus as Rpp1, or at least close enough to Rpp1 to co-segregate with statistical 
significance (Garcia et al. 2011). According to the gene annotation of the TMG06_0011 genome, 
no novel gene was found in the or close to Rpp1 locus. Therefore, the dominant susceptible is 
most likely caused by a deleterious version of the gene that is also present in the resistant 
genotypes, presumably, a deleterious version of Rpp1. In light of these observations, identifying 
the dominant susceptible allele might simultaneously identify the Rpp1 gene, and vice versa. The 
first hypothesis was that the dominant susceptible phenotype was due to RNA silencing and that 
an antisense RNA was transcribed from a gene overlapping with Rpp1, or transcriptional read-
through of a divergently facing gene, resulting in the formation of double stranded RNA and then 
small RNA silencing of Rpp1. However, the data from multiple small RNA and mRNA 
sequencing experiments did not support this hypothesis. A neighboring region was also 
identified as a promising region to harbor the candidate Rpp1 gene, and is the same region 
suggested by the fine mapping of Kim et al (Kim et al., 2012). The reference genome suggests 
that this region contains three NBS-LRR genes; however, in the gene annotation and RNA 
sequencing of TMG06_0011, and in our RNA sequencing of the two resistant PIs, this region 
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appears to code for only one gene, an NBS-LRR gene in all three genotypes analyzed in our 
studies (TMG06_011, PI 594760B, and PI 561356). Interestingly, the alignment of the amino 
acid sequences of the gene from three genotypes showed consistently that TMG06_0011 lacks 
14 consecutive glutamic acids in the NBS domain area. Missing a string of glutamic acids could 
result in the disruption of protein-protein binding (such as a Rpp1 dimer or Rpp1 plus another 
unknown protein), or it could also lead to a non-functioning protein if this region is needed for 
function, such as in binding of calcium or other positively charged regulatory molecules. Also, 
the expression of this gene was consistently higher in the dominant susceptible genotype 
compared to both resistance genotypes. Taken together, the data supports that this NBS-LRR 
gene is the best candidate for the Rpp1 gene. The observations also fit an hypothesis that Rpp1 
works as a homodimer, and that the dominant susceptible is providing excessive amounts of a 
defective Rpp1 protein that deactivates the functional Rpp1 homodimer. Transcribing and 
producing excessive copies of a defective Rpp1 protein partner of the homodimer, would 
presumably minimize the odds of functional Rpp1 proteins self dimerizing in the heterozygous 
plants, thereby providing an explanation to the observed approximate 3:1 phenotype, susceptible 
(i.e. nonfunctional Rpp1 dimer) to resistant (i.e. functional Rpp1 dimer) in the F2 population 
(Garcia et al. 2011).  
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CHAPTER 1: LITERATURE REVIEW ON SOYBEAN RUST DISEASE RESISTANCE 
AND MOLECULAR INTERACTION 
 
• Importance of soybean and Asian soybean rust disease 
 
  Soybean [Glycine max (L.) Merr.], one of the most important and extensively cultivated 
crops in the world, has been widely used for human and animal consumption because of the high 
content of protein and oil in its seed. Soybean oil has a wide variety of uses in the food industry, 
and it can also be converted into paint, wax and plastic products (Hartman, West, & Herman, 
2011). In addition, soybean oil has emerged as a source of renewable fuel and its advantages 
over current food-based biofuels have been demonstrated (Hill, Nelson, Tilman, Polasky, & 
Tiffany, 2006). Asian soybean rust (ASR), caused by the biotrophic fungal pathogen Phakopsora 
pachyrhizi, is one of the most severe diseases affecting soybean yield worldwide. The disease 
was first reported in Japan in 1903 (Hennings, 1903). In 1994, the pathogen was found in the 
United States in Hawaii, and then was reported to be present in several South America countries 
in the early 2000s (Yorinori et al., 2005). The yield loss can be up to 80% when the weather 
conditions are favorable for disease development (Yorinori et al., 2005).  As the second largest 
soybean producers worldwide, Brazil suffers great losses from ASR, where losses from 2001-
2016 were estimated at more than 10 billion US dollars. For the 2013-2014 growing season, the 
estimated costs for disease control measures in Brazil were 2.2 billion US dollars with the 
average of three fungicides applications per season (Godoy, Dinali, Seixas, & Soares, 2016).  
Losses are higher in Brazil versus the US because Brazil provides an optimal environment for 
the pathogen: continuous warm temperatures, continual supply of hosts, and high humidity, and 
therefore, the fungus survives year-round in the Brazilian soybean growing areas (Godoy et al., 
2016) and implementation of a 2 month sanitation period (no planting of soybean nationwide) 
helped to greatly reduce inoculum pressure (Seixas, C.D.S.; Godoy, C.V. 2007. Vazio sanitário: 
panorama nacional e medidas de monitoramento, In: Simpósio brasileiro de ferrugem asiática da 
soja. Anais do simpósio brasileiro de ferrugem asiática da soja, Embrapa Soja, Londrina, 
Paraná, Brazil). 
 Like all obligate fungal pathogens, P. pachyrhizi can only feed and sporulate on living 
tissues. However, unlike other rust pathogens that tend to have very limited host range (often a 
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single plant species), P. pachyrhizi has a very wide host range that includes 31 species in 17 
genera leguminous plants (Ono, Buriticá, & Hennen, 1992). The wide host range of P. 
pachyrhizi also includes alternative weed hosts, such as Kudzu in the southeastern areas of 
United States, extending its survival and habitats (Goellner et al., 2010). Due to this wide host 
range, but restriction to legumes, a more accurate name would be ‘legume rust’. P. pachyrhizi 
appears to reproduce solely asexually, as existence of a sexual stage has never been clear 
(Bromfield, 1984), and to date, there are no reports of a sexual stage being positively identified. 
 During asexual reproduction, P. pachyrhizi produces uredinia and urediniospores within 
5-8 days after inoculation of urediniospores on leaves.  Uredinia break through the leaf epidermis 
and the urediniospores will be dispersed long distances by the wind. After landing on leaf 
surfaces, urediniospores will produce germ tubes under favorable conditions (near 100% 
humidity and temperatures 15-28°C) followed by formation of appressoria, the common 
structure many fungi use for penetrating a leaf surface. The P. pachyrhizi appressorium can also 
form on artificial membranes suggesting a topographic or thigmotropic recognition (Wynn, 
1976), rather than chemical recognition (Koch & Hoppe, 1988). Although the germ tube and 
appressorum respond to physical cues, it appears that penetration is random, and that the 
pathogen can directly penetrate the leave without the need to enter through nature openings. The 
direct penetration will cause the death of the pierced epidermal cell. After penetration, the 
primary hyphae, also called invading hyphae, will continue growing and later branch into 
secondary hyphae and produce multiple haustorium mother cells that differentiate upon contact 
with mesophyll cells. The haustorium mother cells produce, haustoria, the feeding structure that  
will break through the mesophyll cell wall and push in against the cell membrane allowing it to 
absorb nutrients across the cell membrane, without initial killing of the cell. The intense 
colonization of the mesophyll tissue and intercellular space by haustoria and mycelium, 
respectively, lead to the successful asexual reproduction of P. pachyrhizi, and newly developed 
uredinia will release urediniospores for the next infection cycle (Goellner et al., 2010).  
 
• Genetic resistance of ASR and Rpp1 
 
 There are three different infection phenotypes of the soybean-rust interaction: highly 
susceptible (Tan), resistant/partially resistant red-brown (RB) and immune (I). The susceptible 
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phenotype is characterized by having tan-colored lesion due to the color of the abundant 
production of urediniospores, which have a tannish color. RB is considered as an in-complete 
resistance that can be partially overcame by the pathogen over time. The RB has visible red-
brown lesions (varying from approximately 1-10mm2) on the leaf surface with different levels of 
reduced sporulation compared to a tan reaction.  The immune phenotype is considered as a 
hypersensitive reaction (HR)-like incompatible interaction between soybean and P. pachyrhizi, 
where no visible lesion or damage occur on the leaves, and only microscopic lesions are 
noticeable (Bromfield & Hartwig, 1980; Pham, Miles, Frederick, Hill, & Hartman, 2009).  
 At least six different loci have been identified that confer resistance to P. pachyrhizi 
isolates:  Rpp1, Rpp2, Rpp3, Rpp4, Rpp5, and Rpp6. The F2 segregation of these R gene 
phenotypes fits a 3:1 ratio suggesting a single gene (or closely linked genes) confers resistance at 
each locus (Bromfield & Hartwig, 1980; Garcia et al., 2008; Hartwig, 1986; Hartwig & 
Bromfield, 1983; Hyten et al., 2007; S. Li, Smith, Ray, & Frederick, 2012). Different alleles 
might exist in some Rpp loci because different reactions were observed when challenge with 
different rust isolates. For example, PI 561356 and PI587800A both have a resistance locus 
mapped in the same region as Rpp1 in PI200492; however, PI 561356 shows an RB reaction 
when challenged with a rust isolate from Zimbabwe, ZM01-1, and shows a TAN phenotype 
when infected with the rust isolate FL07-1 from Florida. PI586800A shows an RB phenotype to 
rust isolate TW72-1 from Taiwan, whereas PI200492 shows a TAN phenotype to this same 
isolate (Kim et al., 2012; Ray, Morel, Smith, Frederick, & Miles, 2009; Yamanaka et al., 2016). 
This differing reactions all mapping to the same locus, could also be due to slight differences in 
pathogen avrRpp proteins, and not to differences in the host Rpp gene. Even though segregation 
ratios suggest that rust resistance is being controlled largely by single genes, a wide spectrum of 
phenotypes has been observed in some soybean-rust interactions, including different levels of 
rust sporulation (Akamatsu et al., 2013; Walker et al., 2014). These intermediate resistance 
phenotypes suggest that resistance might involve a combination of major resistance genes (R 
genes) and smaller effect genes (general defense associated genes).  
 R gene Rpp1 was first identified in PI 200492 as a dominant locus that confers resistance 
to a rust isolate from India, India-73-1 (Hartwig & Bromfield, 1983). In 2007, the Rpp1 locus 
was mapped between SSR markers BARC_Sct_187 and BARC_Sat_064 on soybean Linkage 
Group G, Chromosome 18 (Hyten et al., 2007). In this study, an India rust isolate, India-73-1 
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was used for inoculation. L85-2378, which is a the BC5 rust resistant isoline of ‘Williams 82’ 
developed with Rpp1 from the donor parent PI 200492, was used as resistant parent, and W82 
was used as the susceptible parent. The segregation ratio in the BC6F2 and BC6F2:3 population fit 
the mode of inheritance as a single dominant gene (Hyten et al., 2007). As mentioned before, 
each Rpp locus may have more than one resistant alleles conferring resistance to different rust 
isolates, and a new resistant allele at the Rpp1 locus, named Rpp1b was found in PI 594538A 
(Chakraborty et al., 2009). In that experiment, a rust isolate from Zimbabwe (ZM01-1) was used 
for infection, which produced RB lesion on PI 594538A and TAN lesion on susceptible cultivar 
Loda. The Rpp1-b was mapped between BARC-010495-00656 and BARC-014379-01337 in the 
PI 594538A x Loda, and was mapped between Sat_064 and Sat_372 in the LD00-4970 x (PI 
594538A x Loda) population which served as a confirmation population. Rpp1-b was considered 
as a new allele of the Rpp1 locus because: i) the mapping location of the allele from PI 594538A 
is 1cM away from the published location of Rpp1 from PI 200492, and ii) rust isolate ZM01- 1 
produces TAN lesions on PI 200492 and L85-2378, which both carry the Rpp1 allele from PI 
200492, but the rust isolate produces RB lesion on the PI 594538A (Chakraborty et al., 2009). In 
conclusion, Rpp1-b in PI 594538A is different from Rpp1 from PI 200492 because of different 
reactions of rust infection, even though their mapping positions are very close to each other. 
Therefore, it has been suggested that Rpp1 and Rpp1-b are two different resistant alleles of the 
Rpp1 locus. Similarly, new resistant Rpp1 alleles were discovered in PI 587886 and PI 587880A 
(Ray et al., 2009). Eight rust isolates were inoculated on William82 (rpp1), PI 200492 (Rpp1), PI 
594538A (Rpp1b), PI 587886 and PI 587880A. PI 587886 and PI 587880A showed different 
reaction patterns as the original Rpp1 source, PI 200492, and showed a similar pattern to the 
Rpp1-b allele from PI 594538A, but with some differences. For instance, PI 587886 and PI 
587880A showed a mixture of immune and RB lesion when challenged with a rust isolate from 
Louisiana, LA04-1; however, PI 594538A only showed an RB reaction under LA04-1 infection. 
These different reaction patterns indicates that the resistance observed in PI 587886 and PI 
587880A is likely to be conferred by an alternative alleles to Rpp1 and Rpp1-b (Ray et al., 2009). 
In the previous studies, Rpp1 from PI 200492 and Rpp1-b from PI 594538A both were described 
as dominant alleles, which fit the expected F2 and F2:3 segregation ratios (Chakraborty et al., 
2009; Hartwig & Bromfield, 1983; Hyten et al., 2007). The resistance allele (Rpp1?) from PI 
587886 and PI587880A exhibited incomplete dominance demonstrated by the presence of RB 
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lesions in the heterozygous state, immunity in the homozygous state of one allele (Rpp1? / Rpp1?) 
and TAN lesion in the homozygous of another allele (Ray et al., 2009). This is the first report of 
having a non-dominant Rpp1 allele. In 2014, Hossain et al. identified resistance alleles from PI 
594767A and PI 587905 that mapped to the same location as the known resistance locus Rpp1. 
These two soybean accessions are resistance to the Japanese isolate, T1-2 (Hossain et al., 2014). 
Resistance alleles mapped to the same location as Rpp1 were also uncovered in PI 587855 in 
2016. The disease reaction phenotypes from the infection of Brazilian rust isolates on PI 587855 
revealed that the resistance from PI 587855 was similar to that of resistance from PI 587880A 
and PI 594767A (Yamanaka et al., 2016). PI 594760B was also shown to be resistance to the 
Brazilian rust isolate and the resistance was mapped to the same location as Rpp1, which 
suggests yet another potential allele that confers resistance and has the potential to be used in 
breeding programs (Garcia et al., 2011).  
 Although many different Rpp1 alleles from different resistance soybean accessions were 
mapped by QTL mapping using SSR markers, none of them could be narrowed down to a 
manageable size for identification of candidate resistance gene(s) until Kim et al. fine mapped 
resistant allele from PI 561356 into a 77-kb region based on markers from the susceptible 
soybean reference genome (Kim et al., 2012; Schmutz et al., 2010). PI 561356 and LD02-4485 
were used for the mapping of soybean rust resistance in that study. PI 561356 showed an RB 
lesion after infection from Zimbabwe rust isolate, ZM01-1. The segregation ratio of RB versus 
TAN lesion type in the population supported that a single dominant gene confers the resistance 
in PI 561356. The resistance locus was mapped between SSR markers SSR66 and SSR 1859 
which are 77 kb in distance in Williams 82. In this region, there are three nucleotide-binding site 
(NBS) – leucine rich repeat (LRR) genes that were suggested to be the best candidates for the 
resistant allele of Rpp1 from PI 561356 (Kim et al., 2012). However, the gene annotation was 
from the susceptible genotype, William 82, so uncertainty remains as to how this region looks in 
any of the rust resistant genotypes. To positively identify a functional Rpp1, the candidate genes 
in the region need to be cloned from their resistance sources and complemented in a susceptible 
background followed by verification of functional resistance, and these steps have yet to be done. 
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• A Dominant Susceptible of Soybean Rust Resistance 
 
 As the function of the protein produced from an R gene is often actively participating in 
recognition and/or signaling in response to pathogen infection, all of the resistant alleles of Rpp1 
are inherited dominantly, which means the segregation ratio of the resistant and susceptible 
phenotype fit the expected 3:1 in the F2 population, except for the resistant alleles from PI 
587886 and PI587880A that behaved as incomplete dominance (Chakraborty et al., 2009; 
Hossain et al., 2014; Hyten et al., 2007; Kim et al., 2012; Ray et al., 2009; Yamanaka et al., 
2016). However, Gracia et al. found a Brazilian susceptible breeding line, TMG06_0011 that 
inverted the dominance of soybean rust resistance, with specificity to the resistance at the Rpp1 
locus (Garcia et al., 2011). In their study, PI 594760B was used as the resistant source to cross 
with TMG06_0012 (POP-1) and TMG06_0011 (POP-2). In both populations, the resistance from 
PI 594760B segregated as a single gene. However, the resistant gene was 3:1 dominant in POP-1 
but 1:3 recessive in POP-2 (using TMG06-0011 as the susceptible parent). The resistance gene 
was mapped closely to the Rpp1 locus in both POP-1 and POP-2 using SSR markers.  
Since pollen from PI 594760B were used in the cross, the contrasting resistant response could be 
due to the different susceptible alleles carried by the two susceptible soybean cultivars. The 
segregation ratio of F2:3 progeny test when crossed to TMG06_0011 fit a 1:2:1 ratio, and the 
phenotype segregated as 1:3 resistant to susceptible. Both ratios strongly supported the presence 
of a single recessive gene controlling and dominating the resistance in the population. The 
inversion of the dominance was also tested on other resistant soybean plant introductions that 
carry resistant alleles in Rpp2, Rpp4 and Rpp5 locus, but no inversion was observed for those 
rust resistance genes. The inversion happened when crossed with PI 561356 that was reported as 
having a dominant resistant allele of Rpp1 (Kim et al., 2012), which suggest the inversion of the 
dominance is specific to the Rpp1 locus. The authors also did the genetic analyses on the PI 
561356 X TMG06_0011 cross. The resistant plants from the F2 population (assumed to be 
homozygous for the single recessive resistant gene) was backcrossed to the TMG06_0011 and 
also crossed to an out group susceptible check, CD205. The F1 plants from the backcross of 
TMG06_0011 showed TAN lesions, whereas the F1 plants from the cross of CD205 were all 
resistant to the rust isolate. The segregation ratio of F2 plants from these two crosses further 
confirmed the hypothesis of a single locus involved in the resistance and in the reversal of 
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dominance (Garcia et al., 2011). This is the first report of a single resistant allele in the same 
plant acting as recessive and dominant under different circumstances, dependent on plant they 
are crossed with. One of the possible hypothesizes is that TMG06_0011 generates something 
inhibitory to Rpp1 prodcution, such as small RNA from the rpp1 allele in this dominant 
susceptible genotype, triggering the transcriptional or posttranscriptional silencing of the 
resistant Rpp1 allele. The presence of inverted repeats can be a dominant silencing loci, 
repressing the expression of homologous genes (Muskens, Vissers, Mol, & Kooter, 2000). 
Another possibility of small RNA formation is due to two antisense genes that transcribe 
overlapping regions with each other so that double strand RNA forms and will be further 
processed into small interfering RNA (Borges & Martienssen, 2015). Further molecular analysis 
is needed to address this small RNA hypothesis, as well as other hypotheses, such as the 
production of an inhibitory Rpp1 protein product in the dominant susceptible.  
 
 
• General Introduction to Molecular Plant-Microbe Interactions 
 
 Many plant-associated microbes are pathogens that will colonize and acquire nutrients 
affecting plant growth and reproduction. Unlike mammals, plants lack mobile defense abilities 
and a somatic adaptive immune system. Instead, plants apply a two-layer innate immune system 
to defend against these microbe pathogens. If a pathogen manages to break the initial physical 
barriers, numerous defense responses will be triggered through sensing the pathogen associated 
molecular patterns (PAMP), such as bacterial flagellin, using transmembrane pattern recognition 
receptors (PRRs) to detect these foreign molecules in a process referred to PAMP triggered 
immunity (PTI) (Jones & Dangl, 2006). However, many pathogens have evolved effector 
proteins that are secreted during infection to inactivate or evade the PTI system, and plants that 
can detect these effectors to activate an effector triggered immunity (ETI), will have resistance 
(Jones & Dangl, 2006). ETI mostly happens inside the cell, often using highly variable and 
polymorphic NBS-LRR proteins encoded by R genes to recognize a pathogen virulent effector 
protein or its activity. The PTI/ETI plant immune system can be presented as zigzag model to 
describing the dynamic changes of plant microbe interaction (Jones and Dangl 2006), similar to a 
model of host-parasite evolution first suggested by Ellingboe (1976). It is important to note that 
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not all effectors target ETI, and effectors that do trigger ETI might not be associated with an 
NBS-LRR type R gene.  One example of how a bacterial effector might be recognized by the 
host to trigger ETI, is given by the transcription activator-like (TAL) effectors of Xanthomonas 
spp., which are transcription factors that induce the expression of SWEET genes that promote 
bacteria growth, but when the transcription factors activate expression of the wrong gene, it can 
lead to death of the infected cell and strong resistance (Kay & Bonas, 2009).  During the co-
evolution of plants and pathogens with the force of natural selection, pathogens that could avoid 
ETI by diversifying the effector proteins or acquiring new effectors that suppress ETI would 
multiply and thrive. Similarly, on the plant side, plants that evolved new R specification to 
trigger ETI again, would survive to multiply and spread (Ellingboe 1976; Dodds & Rathjen, 
2010; Jones & Dangl, 2006). Detailed understanding of plant-microbe interactions will shed light 
on the studies of cell biology, protein-protein interaction, evolutionary biology, and also 
underpin the crop protection in practice.  
 As mentioned above, ETI is a fast and acute defense response based on the intracellular 
recognition of pathogen effectors. The recognition events are usually deployed by a class of 
receptor protein that contains an NBS domain and a LRR domain. Of the characterized R 
proteins, NBS-LRR is the largest gene family encoded by hundreds of diverse genes per genome 
and can be further divided into TIR-domain containing (TNL) and CC-domain-containing (CNL) 
subfamilies based on the N-terminus (McHale, Tan, Koehl, & Michelmore, 2006). NBS-LRR 
proteins can recognize pathogen effectors through either directly by physical association, or 
indirectly through an accessory protein that is part of an NBS-LRR protein complex. A direct 
interaction can be shown experimentally using a yeast two-hybrid assay, co-immunoprecipitation, 
or via an in vitro protein-protein interaction assays. In the direct recognition scenario, the NBS-
LRR and effector proteins usually have high levels of sequence polymorphisms between alleles 
in the host and pathogen populations, respectively, which suggests strong diversifying selection 
and antagonistic co-evolution between the interacting components in the host and pathogen. In 
the best-described model of the indirect interaction, the recognition is mediated by an accessary 
protein that is a target of the pathogen effector protein, or a structural mimic of the target. The 
interactions between the effectors and their targets can induce a conformational change of the 
target protein that is sensed by the NBS-LRR protein to activate defense signaling. The indirect 
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recognition avoids the problem of evolutionary advantage of fast-evolving pathogens since the 
plant uses pathogen virulence strategy to drive the recognition.  
 Many cellular responses associated with PTI and ETI are known and shared, such as a 
rapid influx of calcium ions from the intracellular space, a burst of reactive oxygen species 
(ROS), activation of mitogen-activated protein kinases (MAPKs) pathways, gene expression 
changes, callose deposition at the infection sites, and a HR so intense it leads to cell death. PTI 
and ETI gene expression signatures are very similar suggesting the response are the same overall 
but differ in magnitude (Tao et al., 2003; Zou et at. 2005).  Salicylic acid (SA), jasmonic acid 
(JA), and ethylene (ET) hormone pathways are important regulators of defense-gene expression 
in both PTI and ETI downstream responses. In general, the SA pathway is mostly involved in 
resistance to biotrophic pathogens, whereas a JA-ET pathway is generally involved in defending 
against necrotrophic pathogens and chewing insects. However, SA and JA-ET pathways seemed 
to act synergistically in PTI to amplify the response during pathogen infection. Due to the 
number of commonly expressed genes during PTI and ETI, the key factor(s) that leads to 
successful prevention the pathogen growth and disease resistance, is still unclear in many disease 
systems. One possible reason for this lack of understanding could be the multitude of small 
effects that are hard to quantify. It is also possible that different aspects of the defense response 
are differentially effective to different pathogens (Dodds & Rathjen, 2010). 
 
• How rust fungi infect plants 
 
 As an extremely successful class of plant pathogens, the obligate biotrophs are 
characterized by a special lifestyle in which the pathogens depend on living host tissue to 
complete their life cycles, and therefore they benefit by keeping the host cells alive for as long as 
possible after infection and not killing the host too quickly. One of the highly specialized 
structures of biotrophic fungi is call the haustorium, which fungi use for obtaining nutrients. This 
specialized infection structure will differentiate from the haustoria mother cell and penetrate the 
plant cell. The plant cell membrane is not broken, but pressed against the haustorial membrane, 
with the region between the membranes of the two organisms termed the extra-haustorial matrix 
(Catanzariti, 2006). The presence of haustoria in the broad range of phylogenetic spectrum 
suggests that haustoria have arisen more than once in the course of evolution (Voegele & 
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Mendgen, 2003). In addition to being a feeding structure, the haustorium also plays a very 
important role in helping the pathogen to evade plant host defense response through the release 
of defense-repressing effectors.   
 As mentioned in the previous section, plant disease resistance relies on the recognition of 
PAMPs and pathogen effector proteins, and the recognition of the effector protein can lead to an 
HR, a high-level defense response.  Pathogen effector proteins can be divided into two classes: 
avirulent and virulent, based on whether they are recognized by plant R proteins or not.  
Evidence has shown that haustoria engage in the suppression of plant defense response and 
reprogramming the host metabolic flow (Voegele & Mendgen, 2003) through release of effectors. 
In 2006, Catanzariti et al. found the secreted proteins from rust haustoria were highly enriched 
for avirulence effector proteins, which suggested the role of effector secretion of haustoria in rust 
(Catanzariti, 2006).  
 Fungal effectors are secreted proteins, and their role in virulence has been shown for 
several pathogens. For example, Avr2 and Avr4, cysteine-rich proteins from Cladosporium 
fulvum, can inhibit anti-fungal plant cysteine proteases and chitinases, respectively (Burg, 
Harrison, Joosten, Vervoort, & de Witt, 2006; Lo Presti et al., 2015; Stergiopoulos & de Wit, 
2009).  With the development of genomic and transcriptomic technologies, a large set of 
potential effectors genes have been postulated through bioinformatics prediction. For instance, 
the haustorial transcriptomes study of ASR and common bean rust found a group of candidate 
effectors based on the their linage specificity, small size, cysteine-rich nature and high 
expression during infection (Link et al., 2014). However, different from many filamentous plant 
pathogen effectors that have RxLR and crinkler domain, no conserved amino acid motifs seem to 
be widely present in the rust effector protein candidates (Bozkurt, Schornack, Banfield, & 
Kamoun, 2012; Link et al., 2014; Saunders et al., 2012; Zheng et al., 2013). In 2016, Qi et al. 
identified a virulence factor, a small cysteine-rich protein from ASR, that was shown to suppress 
plant immunity (Qi et al., 2016). In their study, they cloned 86 P. pachyrhizi effector candidates 
based on previous research, and transformed them individually into Pseudomonas syringae to 
allow the rust effectors to be delivered into the plant cells through the P. syringae type III 
secretion system. One effector candidate, P. pachyrhizi effector candidate 23 (PpEC23) was able 
to suppress the defense response triggered by P. syringae. Furthermore, they characterized the 
physical interaction between PpEC23 and a soybean transcription factor, GmSPL12l, both in 
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vitro and in planta. Interesting, silencing of the GmSPL12l led to an induced defense response, 
suggesting that GmSPL12l negatively regulates the plant immunity (Qi et al., 2016). As showed 
by Qi et al., a small cysteine-rich protein from the rust fungus can indeed suppress plant defense 
response, and furthermore, the interacting soybean transcription factor was identified as a new 
component of the plant defense regulatory network.  
 
• How soybean defends against rust 
 
 Even though resistance loci have been identified in different soybean accessions since the 
early 1980s, the detailed information about the molecular interactions between soybean and P. 
pachyrhizi was still limited until the high-throughput transcriptomic analysis approaches 
developed. Transcriptional changes play an important role in characterizing biological processes, 
including defense responses. The coordinative up-regulated genes, under biotic stress, reflect a 
variety of possible responses, such as cell wall reinforcement, changing of hormone levels, and 
programmed cell death. Therefore, having a global overview of the changing gene-expression 
patterns under rust infection should aid in disclosure of mechanisms of soybean defense and 
possibly lead to development of resistant soybean varieties.  
 The first global profiling of gene expression in soybean in response to ASR infection was 
performed using soybean Affymetrix microarrays (Panthee et al., 2007). In that study, a 
susceptible soybean genotype (cv. 5601 T) was inoculated at the V2 stage using a natural rust 
population collected from a soybean field in Florida. The inoculations were performed in a 
greenhouse and leaf samples were taken 72-hour post inoculation.  Compared to the control, a 
total of 112 genes were differentially expressed, 46 out of which had increased expression. The 
small number of differentially expressed genes (DEG) suggests a lack of adequate control of 
random variation, and an insufficient number of replicates to remove this error. Of these 112 
genes detected as differentially expressed, most of the up regulated genes fell into the defense or 
stress response categories. For example, genes encoding an SA-related protein, a heat-shock 
protein (HSP), and a leaf senescence associated receptor protein kinase were induced to higher 
levels. However, none of these DEGs were specific to rust resistance (Panthee et al., 2007). The 
annotations of the DEGs indicated a low and non-specific defense response to ASR may account 
for the failure to develop resistance in susceptible soybean genotypes. In 2009, a similar study 
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was performed and found that soybean growth stages have different responses upon rust 
infection. The soybean plants were inoculated with naturally collect ASR population at growth 
stage V4 and R1, respectively. There were more than 5,000 genes showing differential 
expression at V4 stage. However, only 579 genes were differentially expressed at R1 stage upon 
rust infection, 333 out of which were shared at the V4 growth stage.  A large difference in the 
number of DEGs between the two growth stages suggested that soybean defense response 
against rust may be growth stage specific (Pham et al., 2009).  
 In addition to the differential response to rust infection related to growth stages, a distinct 
biphasic soybean gene expression changes was also observed during the rust infection (Schneider 
et al., 2011; van de Mortel et al., 2007). During the first 12h after inoculation, the number of 
soybean DEGs was evident in both compatible and incompatible interactions, which has been 
associated with the formation of rust appressoria and direct penetration of the epidermal cells 
(Schneider et al., 2011). The early response to ASR in both interaction types suggested a 
nonspecific recognition of the ASR fungus following the activation of the soybean basal defense. 
From 24 to 48 hour post inoculation (hpi), interestingly, expression level of early-respond DEGs 
returned to approximate mock level, and the number of DEGs reduced significantly in both 
compatible and incompatible interactions. The development of intercellular hyphae was 
coincident with the quiescent gene expression pattern that most DEGs returned to approximate 
mock expression level (Schneider et al., 2011). It is interesting that both compatible and 
incompatible interactions elicited pronounced basal defense responses in the early infection stage, 
however the gene expression returned to mock levels during the growth of the fungal 
intercellular hyphae infection stage. These observations suggested that the basal defense, similar 
to PTI, could be overcome by ASR upon the development of undetected intercellular hyphae 
after the initial penetration into the leaf mesophyll. The difference between compatible and 
incompatible interactions showed up at 72 hpi, when the haustoria formed in both interactions, 
and then a burst of the DEGs only was observed in the incompatible interaction (Schneider et al., 
2011). The second phase of compatible DEGs developing happened in the 96 hpi with much 
smaller number suggesting a very weak defense response (van de Mortel et al., 2007). Based on 
microscopic observations, the acuteness of the defense response, in terms of number of DEGs in 
the second phase, coincided with the inhibition of P. pachyrhizi growth in the incompatible 
interaction or the beginning of accelerated growth in the compatible interaction. Since the second 
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phase of the DEGs developing was correlated with the onset of the haustoria formation, it was 
suggested that in the incompatible interaction, the soybean R gene recognizes the effector protein 
following with the strong defense responses, including oxidative burst and hypersensitive 
response.  
 Virus-induced gene silencing (VIGS) can be used in soybean to functionally analyze the 
gene function in soybean because of the available whole genome sequence and numerous gene 
expression data under different stresses. In 2011, Pandey et al. applied VIGS to investigate the 
possible genes involved in the Rpp2-mediated soybean rust resistance in soybean. After 
screening 140 candidate genes based on orthology to known defense genes of previous gene 
expression studies, 11 genes were identified that was able to compromise the Rpp2-mediated 
resistance when silenced, including genes involved in basal defense, transcription factors, 
secondary metabolic pathways; however, none of the them was the real Rpp2 gene (Pandey et al., 
2011). A similar study was conducted to silence genes in Williams 82/Rpp1 isoline that carried 
Rpp1 allele from PI 200492 (Cooper, Campbell, Mcmahon, & Luster, 2014). Even though the 
resistant genotype became susceptible after silencing candidate genes in both studies, due to high 
similarities between soybean homologous genes, it is possible that VIGS not only disrupted the 
expression of the target genes but also the expression of their homologous genes. Further 
functional analyses, such as gain-of-function or overexpression of the genes of interest, should 
be conducted and observe disease resistance phenotype changes.  
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CHAPTER 2: TRANSCRIPTOME ANALYSIS OF RPP1-MEDIATE RESISTANCE 
USING DEEP SEQUENCING TECHNOLOGY  
 
Introduction 
 
 Soybean [Glycine max (L.) Merr.] is one of the most important and extensively cultivated 
crops in the world, which has been widely used for human and animal consumption because of 
the high content of protein and oil in its seed. Soybean oil has many uses as it is widely 
employed in the food industry, and it can also be converted into paint, wax and plastic products 
(Hartman et al., 2011). Soybean oil has also emerged as a source of renewable fuel, and its 
advantages over current food-based biofuels have been demonstrated (Hill et al., 2006). Asian 
soybean rust (ASR), caused by the biotrophic fungal pathogen Phakopsora pachyrhizi, is one of 
the most severe diseases affecting soybean yield worldwide. Susceptible soybean genotypes have 
non-specific basal defense responses based on the perception of pathogen associated molecular 
patterns (PAMPs) exposed during infection that are not adequate to effectively defend against 
ASR. However, there are six resistance loci in soybean that can individually provide very 
effective resistance when the pathogen contains the corresponding avirulence factor to trigger a 
hypersensitive response (HR)-type to ASR. These R genes were named sequentially after 
discovery: Rpp1, Rpp2, Rpp3, Rpp4, Rpp5, and Rpp6 (Bromfield & Hartwig, 1980; Garcia et al., 
2008; Hartwig, 1986; Hartwig & Bromfield, 1983; Hyten et al., 2007; S. Li et al., 2012). The 
resistant phenotype can be displayed as small reddish brown (RB) lesions that may or may not 
have low degree of sporulation, or the absence of obvious lesions (immune phenotype). 
Although a single soybean locus can provide strong resistance to certain rust isolates, a spectrum 
of resistance levels can still be observed in the same resistant soybean genotype when infected 
with different rust isolates (Pham et al., 2009). In this situation, the rust resistance is not merely 
considered as a qualitative trait, but as the quantitative trait. Identifying the genes involved in 
quantitative resistance could provide resources for effective use in the rust resistance breeding 
programs.  
 With the public release of the soybean genome and its annotation (Schmutz et al., 2010), 
and the advancement in high-throughput sequencing such as Illumina technologies, RNA 
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sequencing (RNA-Seq) became the method of choice to measure gene expression and detect 
novel transcripts in soybean. RNA-Seq provides more genetic precision than the previous 
options of cDNA or oligo microarray, or Affymetrix chips as it is based on exact sequence code, 
and not hybridization of complementary nucleic acid strands. Although transcriptome profiling 
studies have been done to examine gene expression patterns in the rust infected soybean tissues 
for genotypes carrying the Rpp2 and Rpp3 resistance genes, as well as for some susceptible 
genotypes (Pandey et al., 2011; Panthee et al., 2007; van de Mortel et al., 2007), it is still 
worthwhile to perform RNA-Seq experiments on soybean carrying another R gene, Rpp1, 
because RNA-Seq. Additionally, soybean genotypes that employee Rpp1-meditated resistance 
show a quick, immune like phenotype; whereas, the Rpp2 and Rpp3 studies did not show 
immunity. The immune phenotype could result from an earlier and stronger recognition of the 
AvrRpp1 protein, and it would be of interest to see if Rpp1-mediated downstream responses are 
similar or different from the responses triggered by Rpp2 or Rpp3. Doing the RNA-Seq on rust-
infected soybean tissues would also capture RNAs came from rust, which can be used to predict 
potential rust genes or effectors proteins with certain levels of confidence (need to reference the 
paper that just came out). However, due to the highly repetitive nature of the P. pachyrhizi 
genome, the rust genome project is still ongoing (Loehrer et al., 2014) and perfect alignment of 
RNA-Seq to a reference is not yet possible. RNA-Seq is a great tool to identify genes that have 
the large or small effect on the rust resistance, to identify components of Rpp1-mediated 
resistance, and to identify potential rust effector genes. 
 
Material and Methods 
 
• Plant Material and Pathogen Inoculation 
 
 Two ASR resistant soybean genotypes that carried the Rpp1 allele based on previous 
studies (Kim et al., 2012; Miles et al., 2008), PI 594760B (Mature Group IX) and PI 561356 
(Mature Group V), and a high-yielding soybean breeding line, TMG06_0011 that is susceptible 
to ASR (Tropical Melhoramento e Genética Ltda., Cambé-PR, Brazil) were used in this study. 
The TMG06_0011 was derived from the cross of EMBRAPA 48 x IAC 12, followed by five 
backcrosses to EMBRAPA 48 (see Garcia et al., 2011, and Appendix A for background on these 
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two genotypes).  Plants were grown in a growth chamber with 16/8 h diurnal cycle for three 
weeks until the first trifoliate fully expanded.  The P. pachyrhizi isolate named Dayton13 was 
collected in Dayton, Alabama in 2013 (provided by Dr. David Walker, USDA, Urbana, IL). 
Dayton13 causes disease on the susceptible genotype Williams 82, but induces an incompatible 
reaction on the William 82 / Rpp1 isogenic line which has William 82 genetic background plus 
the introduced Rpp1 allele from PI200492, showing that Dayton13 carries an AvrRpp1 gene. 
Urediniospores of Dayton13 were stored in liquid nitrogen, and revived for use as inoculum via 
exposure to a heat shocked of 40°C for 5 min, and hydrated at 100% relative humidity at room 
temperature for 16 hours. The trifoliate leaflets from plants grown in pest/pathogen-free growth 
chambers were rinsed with autoclaved water twice before inoculation. Detached leaflet 
inoculations were performed in a sterile plastic box containing moistened sterile paper towels, 
using regenerated urediniospores that were diluted with 0.01% Tween 20 (Sigma-Aldrich) at the 
concentration of approximately 200 spores/ul. After inoculation, the boxes were covered with 
foil for the first 24 hours for dark treatment and then put in a tissue-culture chamber with 12/12 
diurnal cycles and 25°C. 
 
•     Tissue Collection and RNA Isolation 
 
     One leaflet was collected for each genotype at 24, 48, 72, 96 and 120 hours post 
inoculation (hpi). The mock treatment was performed with spaying 0.01% Tween 20 only, and 
one leaflet sample for each genotype was taken at the 48-hour time point. For each genotype, a 
total of 6 leaflets (5 treatment + 1 mock) from 6 different individual plants, were collected for 
RNA extraction. Total RNA extraction was performed using TRIzol (Ambion) coupled with 
Phase Lock Gel (Brinkmann Instruments, Inc., Westbury, NY) and ethanol precipitation as 
described in the manufacturer manual. Ten ug of each total RNA sample was treated with DNase 
I at 37°C for 30 min to remove genomic DNA, followed by RNeasy column purification 
(Qiagen). The quantity of total RNA and small RNA samples were determined by a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and the integrity of 
the samples was determined by gel electrophoresis with a BioAnalyzer 2100 (Agilent 
Technologies, Palo Alto, CA). 
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• cDNA preparation and Illumina Sequencing 
 
 cDNA preparation was performed using SuperScript® III Reverse Transcriptase 
(ThermoFisher Scientific) using oligo-dT as the primer followed by a cleanup step using a 
QIAquick PCR Purification Kit (Qiagen). A total of 1 ug purified cDNA for each sample was 
sent for Illumina sequencing. Library construction and sequencing were done by Roy J. Carver 
Biotechnology center in the University of Illinois at Urbana-Champaign. The stranded RNA-Seq 
libraries were prepared with TruSeq Stranded RNA Sample Prep kit (Illumina), and the 
sequencing was done on a HiSeq 2500 using TruSeq SBS sequencing Kit version 4 (Illumina). 
The small RNA libraries were prepared using mirVana MIRNA isolation kit (Ambion) and 
NextFlex Small RNA Sample Prep kit Version 2 (Bio Scientific). The sequencing was done on 
the HiSeq 2500 using HiSeq Rapid sequencing chemistry version 4. Stranded RNA-Seq and 
small RNA reads are 160nt and 50nt in length, respectively. 
 
• RNA-Seq read alignments and counting 
 
 Each RNA-Seq library was quality checked by FastQC v0.11.3, sequencing adaptors and 
bad quality bases were then removed using Trimmomatic v0.33 (Bolger, Lohse, & Usadel, 
2014). More than 99% of the total reads passed the quality check.  Trimmed reads were aligned 
to the soybean reference genome Wm82.a2.v1 (Schmutz et al., 2010) using STAR-2.5.2a (Dobin 
et al., 2013) with default settings. Nearly 90% of the reads were uniquely aligned to the reference 
genome, 5% of the reads were mapped to multiple locations, and 5% of the reads failed to align 
to the genome. Mapped reads and unmapped reads underwent de novo transcriptome assembly 
separately using Trinity-2.2.0 (Grabherr et al., 2013; Haas et al., 2013). The assembly for reads 
that mapped to soybean genome was done by referring to the genome information by including a 
–genome_guided_bam option. The assembly of the unmapped reads was performed as ‘genome 
independent’. Two assemblies were then merged into one assembly that was used for aligning 
trimmed RNA-Seq reads to the merged de novo transcriptome assembly. Bowtie2-2.2.5 
(Langmead & Salzberg, 2012) and RSEM-1.2.21 (B. Li & Dewey, 2011) were used for mapping 
reads with two options different from the default: --SS_lib_type RF and –max_ins_size 800, and 
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counting how many reads were mapped to each sequence, respectively. The multiple mapped 
reads were parsed by RSEM using its built-in EM algorithm.  
 
• Statistical analyses 
 
 The count data was loaded in R package 3.2.2, and transcripts that had more than 5 read 
counts were kept for future analyses so that artifacts generated by de novo assembly were 
removed. More than 97% of the total reads remained whereas only around 20% of the total 
contigs were kept. The RNA-seq experiment was done without replication at each time point, 
and therefore conventional RNA-seq analysis methods would not apply. In this situation, the 
statistical analyses were done in two different ways: using parametric-dependent method edgeR 
(M. D. Robinson, McCarthy, & Smyth, 2009) with modification, and non-parametric method 
GFOLD (Feng et al., 2012). The results of two different methods were combined to generate the 
list of genes determined as differentially expressed by both statistical analyses between resistant 
and susceptible soybean genotypes, and that changed their expression during the time course. 
Time points 96 hpi and 120 hpi were treated as replications and fed into the edgeR program with 
the notion that the expression of most genes would stay stable in these later time points. GFOLD 
was designed for analyzing RNA-Seq data without replication, and it generated generalized fold 
changes that were a modified fold change with higher reliability than raw fold change. The 
GFOLD value can be viewed as the reliable log2 fold change between two samples. Difference 
of gene expression could be caused by different reactions to the rust infection, different baseline 
expression that means constantly high or low in one genotype or both.  In this case, two criteria 
were used to select genes that expressed differently between the resistant and the susceptible 
genotypes along the time course. The formula used for the differentially expressed genes due to 
different reactions to the rust fungus was  ! "#$%&! !"#$% 24,48,72,96,120ℎ!" − !"#$% !"#$ ! > !1.5 
The formula used for the differentially expressed genes due to different base line expression was  ! "#$%&! !"#$% !"#$, 24,48,72,96,120ℎ!" > !1.5 
The genes were chosen as long as they satisfied as least one condition. Trinity contigs that hit the 
same GlymaID were collapsed in to one gene. After selecting the differentially expressed genes 
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between the genotypes, genes that also had changed expression along the time course within the 
same genotype were determined by the formula: |!"#$%&(!"#$% 24,48,72,96,120ℎ!"!!"! "#$)) > !1.5 
 
• Gene annotation and categorization  
 
 The GlymaID associated with each trinity de novo transcript was determined by aligning 
the Trinity transcripts against the latest William 82 transcriptome 
(Gmax_275_Wm82.a2.v1.transcript.fa from https://phytozome.jgi.doe.gov/) using BLASTn 
megablast. The top hit of the BLAST results for the trinity contigs were assigned that GlymaID. 
Unmapped trinity contigs were then aligned against the Gmax_275_v2 genome, and an in-house 
Perl script was used to parse the BLASTn output and retrieve the distance between upstream and 
downstream genes. The Trinity contigs that did not align to the soybean transcriptome or genome 
were aligned against NCBI non-redundant database using BLASTn. The functional annotations 
of the genes-of-interest were obtained by aligning their Trinity contig sequences against the 
NCBI nr database (www.ncbi.nlm.nih.gov) using BLASTx. The top ten BLAST alignments were 
kept for each gene with the information of e-value, bit score and protein annotation. Scanning 
these top ten alignments allowed for gene calls to be made.  Each gene was then categorized into 
different functional classifications according to their protein functions. Genes with e-values less 
than 10–7 were classified as “no hits”. Genes that had considerably different annotations in both 
databases were put into the  “miscellaneous” category. A total of 20 categories were used in the 
classification as described (Calla et al. 2009).  
 
• Real time qRT-PCR validation of RNA sequencing results 
 
 Validation of the RNA-Seq results was done using real time qRT-PCR analysis on a 
Fluidigm dynamic 96.96 dynamic array. For this validation experiment, the soybean plants were 
grown in a greenhouse at TMG (Cambé-PR, Brazil), and the rust population used for inoculation 
was collected from Brazilian soybean field and purified by single ureidinia propagation. The rust 
spores were sprayed on whole plants, and leaflet samples were collected at 0, 16, 24, 62 and 92 
hpi. Three biological replications were included in the study. Total RNA extraction was 
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conducted using TRIzol (Ambion) followed with ethanol precipitation. 10 ug of each total RNA 
sample was treated with DNaseI at 37°C for 30 min to remove genomic DNA, and then cleaned 
using RNeasy column purification kit (Qiagen). cDNA synthesis was performed using SMART 
MMLV Reverse Transcriptase  (Takara Bio Company), and the manufacture protocol. The 
Fluidigm real-time PCR with a standard melting curve analyses, were conducted at the Roy J. 
Carver Biotechnology Center at the University of Illinois at Urbana-Champaign. Relative 
quantification was performed using standard curve analysis, and the gene expressions were 
normalized to the quantity of the constitutively expressed soybean gene, CONS15 (Libault et al., 
2008). The log2 fold changes between resistant genotypes were calculated by dividing the 
relative expression of the resistant samples by the expression of the susceptible samples.   
 
Results  
 
•     RNA sequencing and de novo assembly 
 
     The RNA-Seq yielded 1.37 billion paired-end 160 nt long reads. Less than 0.2% of the 
total reads were removed due to low sequencing quality or length shorter than 36 nt. 
Approximately 96% of the paired-end reads were aligned to the soybean reference genome 
following a reference-dependent de novo assembly for soybean. Reference-independent de novo 
assembly was done for the unmapped reads that could represent genes not present in the soybean 
reference genome (Williams 82), or might have originated from the fungal pathogen. The N50 
for the soybean and rust assembly based on all the transcript contigs were 2632 nt and 1210 nt, 
respectively. The basic statistics of both assemblies can be found in Table 2.1.  
 
•     Identification of putative ASR genes and effector proteins 
 
     Sequences that had a high similarity score to other fungal sequences when queried 
against sequence databases at NCBI were assumed to be P. pachyrhizi genes. Looking at P. 
pachyrhizi genes that had a median GFOLD value greater than 2 in inoculated versus mock 
samples in both soybean genotypes, we identified 103 rust genes as being consistently expressed 
during the infection process.  A high cutoff was used here because we wanted to reduce the 
!21!
number of false positive genes as much as possible. The functional annotation was given by 
aligning the de novo RNA contigs against the NCBI nr database with an e-value cutoff at 10e7 in 
Blast2GO (Conesa & Götz, 2008). The longest ORFs were analyzed by SignalP 4.0 using default 
settings (Petersen, Brunak, von Heijne, & Nielsen, 2011) to predict signal peptides and possible 
cut sites. Twenty genes were identified as being of fungal origin and having a putative secretion 
signal peptide, most of which had unknown protein descriptions. Three of these putative rust 
protein sequences were predicted as having transmembrane domains. Combining the expression 
data with the SignalP results, 20 potential ASR effector proteins were identified based on the 
high expression level in the inoculated samples and possessing a signal peptide at their amino 
terminus. The detailed information of these 20 putative ASR effector proteins can be found in 
Table 2.2.  
 
•     Genes related to plant-cell-wall biosynthesis and metabolism pathways were down-
regulated in the rust infected samples 
 
     To discover the potential soybean genes or pathways affected by infection, 104 soybean 
genes with down-regulated expression after rust infection were selected by setting the cutoff at 
the median GFOLD value of the rust infected versus mock samples less than -2 in every 
genotype. All of the selected down-regulated genes mapped to soybean reference transcripts. To 
find which groups of the genes were over-represented in these 104 soybean genes, a GO 
enrichment test was conducted in SoyBase (http://soybase.org/) with the GO term enrichment 
tool.  As shown in Table 2.3, five GO terms were over-represented with the FDR corrected p-
value less than 0.05. Four of these genes had GO term descriptions related to plant-cell-wall 
biosynthesis and metabolism pathways. Detailed functional annotation, GO term mapping and 
protein domain finding, and mapping of the KEGG pathway of the down-regulated soybean 
genes was done sequentially in Blast2GO (Conesa & Götz, 2008; Ogata et al., 1999). The maps 
of three KEGG pathways are shown in Figure 2.1 A-C. Consistent with GO enrichment analyses, 
enzymes involved in xylan and lignin biosynthesis were also identified in the amino sugar and 
nucleotide metabolism and phenylpropanoid pathway maps, respectively. Many enzymes 
involved in flavonoid biosynthesis pathway were also found suggesting flavonoid biosynthesis 
was repressed after rust infection.  
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•     Genes of interest that were differentially expressed between resistant and 
susceptible soybean genotypes 
 
     Two statistical methods, GFOLD and edgeR, were used in the determination of 
differential genes-of-interest. Due to weak correlation of PI 594760B 72 hpi library to the other 
time points (Figure 2.2), this library was excluded from the GFOLD analysis (Figure 2.3). Close 
to 0.9 of the correlations were observed among the mock treatment, and on average 0.91, 0.75, 
and 0.79 correlations along the time course within PI 594760B, TMG06_0011, and PI 561356, 
respectively, was calculated. A total of 1717 Trinity genes overlapped between two statistical 
methods and were selected as differential genes-of-interest. After collapsing the Trinity genes 
with the same identifications, the genes-of-interest were reduced to 1191 Trinity genes with 
unique GlymaIDs, 66 trinity genes that had a soybean gene neighboring the region of the Trinity 
gene (i.e.: less than 5 kb away), 15 trinity genes had the BLASTn hits in another soybean 
genomic area. Three Trinity genes had an annotation of likely fungal original according to NCBI 
sequence alignments, and were transferred to be included among the fungal transcripts. One 
Trinity gene no had annotation. Among the total list of differential genes-of-interest, 1110 
soybean genes that either had unique GlymaID or hit the soybean genome were considered as 
differentially expressed genes calculated by the method described previously. The GO 
enrichment analysis of the 1110 unique GlymaIDs within these genes showed the several GO 
terms that related with the signal transduction and protein phosphorylation were significantly 
enriched in the dataset, such as signaling process, phosphorus metabolic process, protein 
modification process and protein amino acid phosphorylation (Figure 2.4). 
 
•     Distribution of genes of interest categorization 
 
     Detailed gene annotation can help to better understand the biological processes, 
especially if the annotations are seen from the perspective of plant-microbe interactions. Detailed 
gene functional classification of the differentially expressed genes was done based on the NCBI 
protein annotation. A total of 20 functional categories were made from the plant-microbe 
interaction perspective. The distribution of the functional groups can be found in Figure 2.5. 
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Nearly 32% of the differentially expressed genes had unknown, no hit, or miscellaneous 
annotations; however, their sequences matched to the soybean genes, intergenic regions, or other 
genomic DNA sequences. Defense, signaling, and DNA/RNA categories were the most abundant 
categories and accounted for 11.3%, 9.9%, and 9.6% of the total differentially expressed genes, 
respectively.  
 
•     Distribution of the functional gene categories and expression changes within each 
genotype during time course 
 
     Among 1276 genes that had different expression between genotypes, a total of 200, 312, 
and 367 genes were also differentially expressed in the time course for PI 594760B, 
TMG06_0011, and PI 561356, respectively. The functional category of these genes for each 
genotype can be found in Figure 2.6. Among three genotypes, the category percentage 
distributions looked similar generally. However, genes that were assigned to defense and 
signaling categories in PI 561356 had a much higher percentage than the other two genotypes. 
Functional categories that had more than 5% of the total differentially expressed genes along the 
time course were considered as abundant categories. A heat map (Figure 2.7) was drawn from 
the abundant categories to illustrate the gene expression changing within each genotype. 
Compared to both resistant genotypes, more genes were down regulated along the time course in 
the susceptible genotype. The distribution of the up and down-regulated genes for each genotype 
is shown in Figure 2.8.  
     To be more specific, the defense signaling categories had different patterns between 
resistant and susceptible genotypes. From Figure 2.7, the majority of the genes in the defense 
category in two resistant genotypes had up-regulated gene expression after rust inoculation. 
However, a lower percentage of the defense category genes showed up-regulation in the 
susceptible genotype. The similar pattern was also observed in the signaling category. The down-
regulated genes in the defense and signaling categories could potentially be targeted by the rust 
effector proteins, leading to the repression of the plant defense response and promotion of fungal 
growth. The information on these genes can be found in Table 2.4.  
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•     Expression patterns of the differentially expressed G. max genes between resistant 
and susceptible genotypes 
 
     After collapsing the genes with the same GlymaID, a total of 1110 soybean genes with 
unique identifiers were considered as differentially expressed between resistant and susceptible 
genotypes. The expression patterns are shown in Figure 2.9. Two resistant genotypes were 
separated by the hierarchical clustering methods, which was possibly due to genetic difference 
because of different maturity groups, but using leaves collected well before the flowering stage 
makes this less likely. Due to the genetic difference between two resistant genotypes, different 
expression patterns could be the result of various genetic backgrounds. In this scenario, 118 
soybean genes that had higher expression in both resistant genotypes and did not reduce their 
expressions along the time course, had a higher possibility to be contributing resistance. The 
expression pattern of these genes was shown in Figure 2.10. In the heat map, the columns were 
clustered based on the time points, for most treatments, rather than the genotypes. Except for the 
72 hpi treatment, all the other treatments were paired and clustered together. The cluster pattern 
also suggested that these genes were commonly used by two resistant genotypes to defend 
against the rust pathogen because they had similar expression patterns between two resistant 
genotypes along the time course. In these 118 genes, 14 genes had at least 1 GFOLD value up-
regulated along with the time course in both resistant genotypes. Three genes did not have 
Glyma ID identifiers, six genes had functional annotation as Unknown, one gene was annotated 
as No hits. The heat map of these 14 genes is shown in Figure 2.11. These 14 genes are the best 
candidates for involvement in the resistance reaction based on this RNA sequencing study, 
because they all had higher expression in two resistant genotypes compared to the susceptible 
genotype, and their gene expressions were up-regulated in response to rust infection.  
 
•     Real-time qRT-PCR validation of RNA sequencing results 
 
     Genes that were consistently higher expressed in two resistant soybean PIs compared to 
the susceptible Brazilian cultivar were selected out for real-time quantitative reverse transcribed 
PCR (qRT-PCR) validation. The primer sequences were designed based on reference genome 
sequences and Trinity de novo assembly sequences. Primer-Blast (Ye et al., 2012) and an in-
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house PERL script were used to determine the specificity of the primer and perform in silico 
PCR amplification, respectively. The primer sequences and annealing temperature is shown in 
Table 6. The heat map of 15 selected gene results from real-time qRT-PCR is provided in Figure 
2.12. Most of the genes followed the same expression pattern of a higher expression in two 
resistant genotypes compared to the susceptible genotype. Two genes showed higher expression 
in the susceptible genotype at certain time points. The annotations of many genes are closely 
related to plant defense responses, such as the disease-resistant gene, autophagy-related genes, 
Clp protease-related genes, and PR5.  
 
Discussion 
  
 ASR, as an obligate biotrophic fungal pathogen, can only survive and reproduce in the 
living cells. Being a successful pathogen, like other biotrophic pathogens, rust applies numerous 
effector proteins to achieve virulence (Goellner et al., 2010). Understanding the effector proteins 
that rust uses to attenuate plant defense could benefit the resistance-breeding program. However, 
due to the lack of a high-quality genome assembly of P. pachyrhizi, very few effector proteins 
have been predicted and functionally characterized. RNA sequencing of rust infection tissue is 
currently the best method to identify rust genes and putative effector proteins. An ASR 
transcriptome study, especially targeting the rust haustoria, was performed using RNA 
sequencing to predict candidate effectors (Link et al., 2014). Unlike the study by Link et al. 
(2014), in our study, very few genes were annotated as virus-like sequences. This could be due to 
the stringent criteria to determine rust sequences because there were only 103 rust contigs were 
considered as true positives. In our sequences, 20 rust contigs were predicted as containing signal 
peptides, suggesting that these genes might encode for candidate rust effectors. Unfortunately, 
most of these candidate effector sequences did not hit another homologous gene with functional 
annotation. Combining these RNA sequencing results with the upcoming rust genome, and more 
biochemical characterization of fungal gene products, would largely increase our knowledge 
about this pathogen and provide essential information for breeding programs and basic research.  
 Three soybean genotypes were used in this experiment, though two of them, PI 561356 
and PI 594760B, were known to carry a resistant Rpp1 allele (Garcia et al., 2011; Kim et al., 
2012); however, none of them provided complete resistance when challenged with the Dayton13 
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rust isolates. In this situation, the two PIs should be characterized as exhibiting RB (or partial) 
resistance. Genes that were consistently down regulated after rust infection in all three genotypes 
could be candidate targets of rust effectors, especially if these genes are normally defense-
associated, such as genes involved in plant cell wall reinforcements. The rust infection did 
appear to interrupt cell-wall-biosynthesis pathways by repressing xylan and lignin biosynthesis 
based on GO enrichment analysis. The miRNA data from Chapter 3 also supports that these 
genes might be targeted for repression because miRNAs predicted to target these down-regulated 
genes had increased expression. In the Rpp2 carrying resistant soybean genotypes, two enzymes 
(phenylalanine ammonia lyase and o-methyltransferases) of the phenylpropanoid pathways were 
up-regulated (M van de Mortel et al., 2007). The up-regulation of these two enzymes suggested a 
positive role of phenylpropanoid pathways during the effector-triggered immunity (Pandey et al., 
2011). The exzymes could be related to phytoalexin production, or to lignin production, the 
complex compound produced by plants to fortify cell walls (Bhuiyan, Selvaraj, Wei, & King, 
2009). Both plants and pathogen could benefit by manipulating lignin content to achieve 
resistance or susceptible, respectively.  
 Benefitting from having conducted a time course study of the soybean rust interaction, 
gene expression patterns can be observed at multiple time points, and expression trends can be 
quickly discovered. By looking at the genes that were differentially expressed between resistant 
and susceptible genotypes, and differentially expressed after rust inoculation, a distinct pattern 
was found between the two resistant PIs and the one susceptible soybean genotype. Genes in the 
Defense and Signaling categories were mostly up-regulated in two resistant PIs after rust 
infection, whereas many genes in the same categories were down-regulated in the susceptible 
genotype. The difference indicated that two partially resistant PIs were able to recognize the rust 
pathogen and induce defense-asociated signal transduction; however, the downstream pathways 
related to defense were nullified in the susceptible.  
 By looking at the genes that were both having higher expression in the two partially 
resistant genotypes and responding to rust infection, 14 soybean genes were selected as 
candidates that could contribute to the quantitative disease resistance.  The 14 genes have clear 
expression patterns that could differentiate the resistant PIs and the susceptible genotype, but 
only six them have functional annotations. The annotations were all related to plant defense to 
biotic stresses. Plant polyphenol oxidases (PPOs) can defend against herbivore insects in plants 
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(Constabel & Barbehenn, 2008).  Other than detoxification, ABC transporters are also involved 
in transferring and accumulating secondary metabolites such as polyphenols, quinones, and 
terpenoids into the temperate site. This could result in a defense response to the herbivores and 
plant pathogens (Yazaki, 2006). PIP2-1, the aquaporin protein, which is an integral regulator of 
plant-water relations, is presumed to plant a major role in the biotic and abiotic stress, as well as 
to maintain nutrition homeostasis (Afzal, Howton, Sun, & Mukhtar, 2016). Although the 
bioinformatics predictions suggested that these 14 genes might confer quantitative resistance to 
ASR, molecular validation their function and contribution to rust resistance are still necessary. 
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CHAPTER 3: DEEP SEQUENCING TO EXAMINE SMALL RNA EXPRESSION 
DURING INTERACTIONS BETWEEN SOYBEAN AND RUST 
 
Introduction 
 
 Small noncoding RNAs have important functions in plant development, cell 
differentiation, protection from environmental stresses, and maintenance of genome stability. 
The endogenous small RNAs in plants are mostly 20-24 nt in length produced by DICER-LIKE 
proteins (DCL), and can be divided into two major categories: micro-RNA (miRNA) and small 
interfering RNA (siRNA). The siRNA can be further divided into several groups based on the 
divergence of biogenesis and functionality: hairpin-derived siRNA, natural antisense nat-siRNA, 
secondary siRNA, and heterochromatic hesiRNAs (M J Axtell, 2013; Borges & Martienssen, 
2015; Bustos-Sanmamed, Bazin, Hartmann, Crespi, & Lelandais-Brière, 2013). In plants, 
miRNAs are mostly involved in the post-transcriptional gene silencing (PTGS) through 
transcript cleavage or translation inhibition. Different from miRNA, the majority of the siRNA 
are associated with transcriptional gene silencing (TGS) via RNA-directed DNA methylation 
inhibiting transcription, although some siRNAs (i.e. secondary siRNA) can also be involved in 
PTGS. The hesiRNA are 24 nt long and participate in maintaining the heterochromatin regions, 
which regulates important epigenetic mechanisms such as paramutation (Borges & Martienssen, 
2015). Both plant endogenous miRNAs and siRNAs can play important roles in the pathogen-
associated molecular patterns (PAMP)-triggered immunity (PTI) and effector-triggered 
immunity (ETI) defense pathways in plants to fine tune the resistance against bacterial, fungal 
and viral pathogens (Fei, Zhang, Xia, & Meyers, 2016). For example, the accumulation of 
miR393 was observed after treatment of Arabidopsis thaliana with the known PAMP, flg22, 
which led to decreased expression of TIR1, AFB2, and AFB3, and suppression of these auxin-
signaling proteins correlated with enhanced disease resistance (Navarro et al., 2006). In addition 
to targeting hormone signaling pathways, miRNAs have also been reported to directly target 
NBS-LRR resistance (R) genes that are predominantly involved in the ETI pathway, and trigger 
the production of phased secondary siRNA (phasiRNA) from the NBS-LRR targets (Fei, Xia, & 
Meyers, 2013).  
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     Large scale small RNA profiling was performed to investigate the possible role of small 
RNAs in soybean during defense against Phytophthora sojae (Wong et al., 2014). The 
expression of miR393 and miRNA166 were induced by treating soybean tissue with heat-
inactivated P. sojae hyphae, indicating that the small RNA were most likely involved in the basal 
PTI defense. Basal defense maker genes of the isoflavonoid biosynthesis pathway were down 
regulated in the miR393 knockdown mutants, supporting the involvement of miR393 in the 
soybean defense response (Wong et al., 2014). Similarly, deep sequencing of small RNA from 
soybean cyst nematode (SCN) infected soybean tissues found that 101 miRNA were SCN-
responsive and could potentially play important roles in the SCN disease resistance (X. Li et al., 
2012).  
     Asian soybean rust (ASR), caused by the biotrophic fungal pathogen Phakopsora 
pachyrhizi, is one of the most severe diseases affecting soybean yield worldwide. Understanding 
the molecular mechanism of how soybean defend against this dangerous pathogen, from both the 
gene expression (Chapter 2) and small RNA regulation aspects, will not only enhance our 
knowledge of molecular plant-microbe interactions, but also will have potential to be a factor in 
a disease resistance breeding. To investigate the relationship between small RNA regulation and 
soybean rust interactions, in-depth small RNA sequencing was performed from RNA isolated 
from rust-infected soybean leaflets. 
 
Material and Methods 
 
• Plant material and small RNA isolation 
 
 Two Asian soybean rust resistant genotypes that carry Rpp1-like alleles based on 
previous studies (Kim et al., 2012; Miles et al., 2008), PI 594760B (Maturity Group IX) and PI 
561356 (Maturity Group V), and a high-yielding soybean breeding line, TMG06_0011 (provided 
by Tropical Melhoramento e Genética Ltda., Cambé, PR, Brazil) that is susceptible to Asian 
soybean rust, were used in this study. Plants were grown in the growth chamber at 25°C with a 
16/8 h diurnal cycle for three weeks until the first trifoliate leaves were fully expanded.  The P. 
pachyrhizi isolate was Dayton13, collected in Dayton, Alabama in 2013, stored in liquid 
nitrogen, and shown to cause disease on the susceptible genotypes, but incompatibility on the 
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William 82 containing an Rpp1 allele (from PI200492). Detached leaflet inoculations were 
performed in sterile plastic boxes containing water-saturated paper towels, using regenerated 
urediniospores that were diluted with 0.01% Tween 20 (Sigma-Aldrich, St. Louis, MO) at the 
concentration of approximately 200 spores/µl. After inoculations, the boxes were covered placed 
in chamber with 12/12 diurnal cycles, but covered with foil for the first 24 hours. One leaflet was 
collected for each genotype at 24, 48, 72 hours post inoculation (hpi). The mock treatment was 
performed with spaying 0.01% Tween 20 only, and a leaflet sample for each genotype was taken 
at the 48-h time point. Total RNA extraction was performed using TRIzol (Ambion) coupled 
with Phase Lock Gel (Brinkmann Instruments, Inc., Westbury, NY) and ethanol precipitation as 
described in the manufactures’ manuals. An aliquot of 10 µg from each RNA sample was treated 
with DNase I at 37°C for 30 min to remove any DNA followed by RNeasy column purification 
(Qiagen). The small RNA was isolated from total RNA samples using the mirVana™ miRNA 
isolation kit (Ambion) following manufacture’s protocol. The quality and the quantity of RNA 
were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE) and a BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA), respectively. 
 
• Illumina Sequencing for Small RNA 
 
 The small RNA libraries were prepared using a NextFlex Small RNA Sample Prep kit 
Version 2 (Bio Scientific), and the sequencing was on the HiSeq 2500 using HiSeq Rapid 
sequencing chemistry v4. Small RNA read length was 50 nt. 
 
• Small RNA read alignments and processing 
 
 Each small RNA library was quality checked with FastQC v0.11.3, and the sequencing 
adaptors and poor quality base reads were removed using Trimmomatic v0.33 (Bolger et al., 
2014). The size selection of 18-30 nt was then performed using an in-house Perl script.  tRNA 
and rRNA were removed from the trimmed reads by aligning reads to the tRNA and rRNA 
databases (Chan & Lowe, 2009; Quast et al., 2013). After cleaning and size selection, the 
remaining reads were mapped to the soybean genome (Gmax_275_Wm82.a2.v1) to predict 
miRNA and siRNA loci using ShortStack 3.03 (Axtell, 2013).  
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• Quality check on ShortStack raw output 
 
 A quality check of the small RNA was performed on ShortStack that output predicted 
miRNA and siRNA loci using an R script. Any small RNA loci with a max counts per million 
(CPM) value less than 10 across all the samples was removed.  
 
• Differential expression analysis of miRNA and siRNA 
 
 To compare small RNA expression changes along the time course, generalized fold 
change values were given to pair wise comparisons. Small RNA of interest was defined using the 
formula below: ! "#$%&! !"#$% 24,48,72ℎ!"!!"! "#$ > !1.5 
  
Results 
 
•     Small RNA library QC and miRNA loci prediction on Gmax.Wm82.a2.v1 genome 
 
     After the quality screening, size selection, and structural RNA removal, 58.1% of the 
total reads that were considered as a valid set of small non-coding RNA, and kept for 
downstream analysis. The fragment length distribution of these reads is shown in Figure 3.1. In 
the figure, there were two peaks, one at 21 nt and one at 24 nt corresponding to the primary sizes 
of miRNA and siRNA species, respectively. A total of 206 miRNA loci were predicted using 
ShortStack 3.03 allowing at most one mismatch during the alignment. One hundred and four 
miRNA clusters that had maximum CPM value greater than 10 and were kept for further 
analyses. Annotation of these 104 miRNA clusters was given using the current miRNA sequence 
information in the mirBase (http://www.mirbase.org/). miRNA cluster sequences were used for 
BLASTN with an E-value cutoff at 10^-7. Eight of the sequence clusters did not match any 
miRNA sequences in the database and therefore, might be novel miRNA loci. 
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•     Potential miRNA targets predicted by psRNAtargets 
 
     miRNA targets with default settings using the transcripts in Wm82.a2.v1 as templates. 
Eighty-five miRNA had predicted targets in the reference genome, 19 miRNA loci did not have 
any predicted targets. Surprisingly, seven of the eight miRNA loci that did not map to known 
miRNA had predicted soybean gene targets in the analysis. Two gene transcripts, 
Glyma.01G112600.1 and Glyma.03G077900.1 that showed consistent down-regulation in all 
soybean genotypes, were predicted to be targeted by miRNA clusters Cluster_165629, 
Cluster_295434, and Cluster_156704, which were annotated as gma-MIR397a, gma-MIR397b, 
and unknown, respectively. Cluster_165629 and Cluster_295434 showed consistently higher 
expression in all three genotypes after rust infection, and Cluster_156704 showed up-regulation 
of the expression at 7-time points after rust infection. A clear negative correlation between target 
gene expression and miRNA gene expression was observed, as shown in Figure 3.2. The 
alignment of the mature miRNA sequences and Trinity de novo contigs is shown in Figure 3.3.  
 
•     Five miRNA loci showed differential expression along the time course 
 
     Five miRNA clusters that showed differential expression in both resistant genotypes were 
identified as miRNA-of-interest (Figure 3.4). Four of them showed increased expression 
compared to mock treatment along the time course, and one showed decreased expression. The 
best annotations for the up-regulated miRNAs were gma-MIR397a, gma-MIR397b, gma-
MIR5044, and gma-MIR5786. The best annotation for the down-regulated miRNA was gma-
MIR395a. As shown in Figure 3.4, gma-MIR395a is the only miRNA that showed down-
regulation after rust infection. Additionally, the pattern of down regulation was clearer in the two 
resistant genotypes compared to the susceptible genotype, suggesting a potential role of this 
miRNA in Asian soybean rust resistance. However, no clear negative correlation with the target 
gene expression was observed in the RNA-Seq dataset (Chapter 2). More experiments are needed 
to determine the function of this miRNA during soybean-rust interactions. 
     Overexpression of MIR397a in Arabidopsis thaliana was also shown to improve cold 
tolerance (Dong & Pei, 2014), and both MIR397a and MIR397b were described as negative 
regulators of laccase genes affecting lignin content in plants (Lu et al., 2013; C. Y. Wang et al., 
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2014). MIR5044 was differentially expressed under aluminum stress in wild soybean (Zeng et 
al., 2012). MIR5768 was shown to possibly be involved in the production of phasiRNAs to 
regulate NBS-LRR defense genes (Zhai et al., 2011).  MIR395a was shown to regulate sulfur 
accumulation and allocation in Arabidopsis thaliana (Liang, Yang, & Yu, 2010).  
 
•     21 nt siRNA may play a major role in soybean rust interactions 
 
     After removing siRNA clusters with a maximum CPM value less than ten, 4,082 high 
confidence siRNA clusters were retained. The correlation of siRNA expression among the three 
uninfected samples was 0.99 (Figure 3.5), suggesting that the siRNA expression patterns were 
similar before inoculation. After rust infection, within each soybean genotype, the correlation of 
samples was considerably higher in the samples with rust infection than the correlation between 
infected and uninfected samples, which could be due to the molecular interaction between 
soybean and rust fungus. A total of 1044 siRNA loci were inside the genic region in the latest 
soybean genome annotation (Gmax_275_Wm82.a2.v1). The size and location distribution of the 
siRNA loci shows that the 24 nt siRNA was the most abundant siRNA population, with a small 
portion of the siRNA loci inside the genes (Figure 3.6). However, for the 21 nt siRNA clusters, 
more than 50% of the were in the genic region, showing that more of the 21 nt siRNA were 
generated or/and targeting genes compared to 24 nt siRNA. After separating the siRNA loci 
overlapping genes with the length of siRNA species, GO enrichment analysis was conducted for 
each set of siRNA species in SoyBase (https://soybase.org/). None of the GO terms were 
significantly over or under represented in 20, 22, 23, or 24 nt siRNA overlapping genes. 
However, seven GO terms were significantly overrepresented, and two GO terms were 
significantly underrepresented in 21 nt siRNA overlapping genes (Table 3.1). The significant, 
overrepresented GO terms were defense response, signal transduction, salicylic acid biosynthetic 
process, systemic acquired resistance, plant-type hypersensitive response, pollen maturation, and 
mitochondrial mRNA modification. The underrepresented GO terms were oxidation-reduction 
processes and protein phosphorylation. This GO analysis showed that non-random 21 nt siRNA 
overlapping genes were mostly involved in plant defense, especially to the biotrophic pathogens, 
suggesting important roles of 21 nt siRNA in soybean-rust interactions.  
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     By selecting the siRNA clusters with PhaseScore greater than 481.7 (99% quantile of all 
the PhaseScore), 36 potential phasiRNA-generating loci were identified, 34 of which have been 
designated as producing 21nt phasiRNA, whereas the other two loci produced 22 nt phasiRNA. 
The targets of phasiRNA include the nucleotide-binding leucine-rich repeat (NB-LRR) R genes 
(Fei et al., 2013).  
 
•     Twelve siRNA loci changed their expression after rust infection 
 
 Twelve siRNA loci had differences before and after rust infection in three soybean 
genotypes, and these changes were considered as the results of rust infection. These 12 siRNA 
loci were all dominated by several 21 nt siRNA, and 9 of them overlapped with soybean genes 
based on the Gmax_275_Wm82.a2.v1 annotation. The other three siRNA loci were in intergenic 
regions. The siRNA_69653 locus spanned two predicted soybean genes, Glyma.15G055300 and 
Glyma.15G055400 that were annotated as antisense overlapping genes in the William 82 
genome. The siRNA_69653 also spanned two overlapping antisense genes, Glyma.03G223600 
and Glyma.03G223700. Two siRNA loci, siRNA_295235 and siRNA_295236, hit the same 
soybean gene, Glyma.13G242600. siRNA_274557 was down-regulated in the rust-infected 
samples in the two resistant soybean genotypes, other siRNA loci showed increased expression 
after rust infection in all soybean genotypes. The expression pattern of nine soybean-gene-hitting 
siRNA loci is shown in the Figure 3.7, and their detailed annotation in Table 3.2. Two siRNA 
clusters, siRNA_48145, and siRNA69653, had a majority of the reads mapped to the antisense 
strand of the genes, suggesting a role of suppression of gene expression. The other siRNA 
clusters however, had the majority of the reads mapped to the sense strand of the gene, which 
could be a degradation product. None of these siRNA loci were clearly correlated with their 
target gene expression. Only four of the targets had functional annotations, and they are MYB 
DNA-binding protein, RIN4 family protein, ribosomal biogenesis protein LASA1, and a DNAJ 
homolog.  
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•     Potential small RNA level interaction between rust and soybean 
 
     The Asian soybean rust genome is highly repetitive (Loehrer et al., 2014) and the 
currently available genome data is very fragmented and incomplete, containing thousands of 
pieces of small sequences. However, the data can still be useful for some analyses, such as 
identification of alignments of small RNA, and therefore, the siRNA reads from each sample of 
this study were aligned to the P. pachyrhizi whole genome sequencing data 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=170000&lvl=3
&lin=f&keep=1&srchmode=1&unlock ). For each sample, around 30% of the total siRNA with 
sizes selected from 15-30 nt could be aligned to the rust genome allowing, at most, one 
mismatch. These siRNA reads (RustAligned_siRNA) were then selected out and used for siRNA 
cluster discovery in both rust genome and soybean reference genome by ShortStacks.  
     After de novo siRNA cluster discovering, and a stringent quality filtering with a 
maximum CPM value greater than 100, 36 high confidence siRNA clusters in the rust genome 
were identified, which had DicerCall range from 21 to 24 nt. No evidence supported the 
hypothesis that the pathogen secreted small RNA in the plants to weaken the defense. However, 
there were some regions that had many read alignments only in the treated samples, but in these 
regions, the predominant siRNA length was not in the range of classical small RNA length, 20-
24 nt, and therefore they were not considered as small RNA-generating loci for this experiment. 
The expression of these 36 siRNA clusters suggested that they were of soybean origin instead of 
rust origin because they all had high expression in the mock treatment samples as well. It is also 
possible that some of the soybean-generated siRNA had been taken up by the biotrophic 
pathogen through the haustoria, which then negatively affected the fungus growth and virulence 
(i.e. function as anti-fungal defense-related siRNA), but we do not have direct evidence of this 
happening. 
     More than 90% of the siRNA reads could be mapped to the soybean genome; however, 
from 35% to 70% of the reads, according to each sample, were considered as unmapped because 
they could be mapped into more than 50 places. Only five siRNA clusters were identified in the 
soybean genome using these RustAligned_siRNAs, and they did not share sequence level 
homology with the siRNA clusters identified in rust.   
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Discussion 
 
 As shown in this experiment, both miRNAs and siRNA appearred to be involved in the 
soybean-rust interaction studies. Three miRNA loci, MIR-397a, MIR-397b, and an unknown, 
showed an increased expression after rust infection, and their target genes were down-regulated 
and mapped into the lignin biosynthesis pathways using Blast2GO. This result is consistent with 
the RNA sequencing data (Chapter 2), where genes in the lignin biosynthesis pathways were 
down-regulated after rust infection. One hypothesis of suppressed expression of lignin 
biosynthesis genes could be the effect of PTGS from the corresponding microRNAs because, in 
our data, the miRNA expression and their target gene expressions were negatively correlated. 
Since lignification could have the impact on pathogen penetration, especially for biotrophic 
pathogens (Bhuiyan et al., 2009; Miedes, Vanholme, Boerjan, & Molina, 2014), reduced 
expression of lignin biosynthesis genes could lead to enhanced susceptibility. It is reasonable to 
postulate that rust effectors target the promoter region of the MIR-397 to increase the miRNA 
expression and dampen the lignin biosynthesis. However, more evidence is needed to prove this 
hypothesis. MIR-393 was described as a positive regulator of basal defenses in plants (Navarro 
et al., 2006; Wong et al., 2014); however, in this experiment, MIR-393 was not considered as 
rust-responsive regarding expression level. In both bacteria and oomycetes, PAMPs perceived by 
the plants promote the expression of MIR-393 that targets the genes in the auxin signaling 
pathway, increasing basal defenses (Navarro et al., 2006; Wong et al., 2014). One possibility is 
that MIR-393 did not show a higher expression in the rust infection samples is one of the rust 
effectors targets MIR-393 and reduces its expression. During the effector triggered susceptibility 
process, the pathogen effectors will target plant basal defense genes and reduce the defenses 
(Jones & Dangl, 2006). Since none of the genotypes of this experiment provided 100% complete 
resistance, some of the basal defense genes might have been suppressed by the rust effectors in 
this experiment.  
     More than half of the 21 nt siRNA clusters overlapped with the soybean genes based on 
the latest soybean annotation, suggesting a possible role of 21 nt siRNA in gene expression 
regulation. According to the GO enrichment analysis of these 21 nt siRNA-overlapping genes, in 
which five plant-defense related GO terms were significantly enriched, suggesting 21 nt siRNAs 
could specifically target plant defense genes and regulate their expressions. Four out of these five 
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GO terms were specific to plant defense response to biotrophic pathogens, further indicating a 
potential role of 21 nt siRNA in resistance to biotrophic pathogen disease. Phased and trans-
acting siRNA are usually 21 nt in plants, some of which could be produced as a mechanism to 
coordinate the repression of a gene family (M J Axtell, 2013).  Plant disease resistant genes, 
NBS-LRR, superfamily are subject to secondary siRNA biogenesis triggered by 
MIR483/MIR2118 miRNA superfamily (Shivaprasad et al., 2012; Zhai et al., 2011). Also in 
soybean, it has been shown that many NBS-LRR loci are possibly generating phased siRNA 
(Arikit et al., 2014), which further supports the regulation between siRNA and plant disease 
resistance. Because some bacteria and viral pathogen effectors will suppress the host small RNA 
pathways, this could lead to the reduction of miRNA and secondary siRNA expression as well, 
releasing suppression of the NBS-LRR genes that could provide disease resistance.  
     Nine of the soybean gene-hitting siRNA clusters were considered as rust responsive as 
they changed their expressions after rust infection, and only four of them had the functional 
annotation. siRNA_274557 is the only siRNA cluster that showed down-regulation after rust 
infection, moreover, the locus only showed down-regulation in the two resistant genotypes 
suggesting this siRNA expression change could result in a higher level of rust resistance. The 
siRNA_274557 cluster was overlapped with Glyma.12G213900 that was annotated as MYB 
transcription factor in the soybean reference genome. MYB transcription factors have been 
shown to be involved in plant biotic and abiotic stress responses, as well as in development and 
differentiation (Ambawat, Sharma, Yadav, & Yadav, 2013). Reduced expression of the MYB-
targeting siRNA locus could lead to the increased expression of the MYB transcription factor 
and defense responds. The other three genes, Glyma.15G055400, Glyma.02G278500, and 
Glyma.03G223600 were annotated in the reference genome as RPM1-interacting Protein 4 
(RIN4) family, ribosomal biogenesis protein LAS1, and DNAJ homolog, respectively. Both 
RIN4 and DNAJ proteins have been described as important parts of plant defense pathways in 
the previous literature. RIN4 is post-translational modified after interacting with AvrRpm1 in 
plants, which is detected by an R gene and triggers the HR in A. thaliana (Belkhadir, Nimchuk, 
Hubert, Mackey, & Dangl, 2004) and soybean (Selote and Kachroo, 2010). Glyma.GmHSP40.1 
has a DnaJ domain was previously shown to possibly be involved in the miRNA processing and 
positive regulation of defense responses to soybean mosaic virus (Liu & Whitham, 2013). It is 
shown that, in A. thaliana, ribosomal protein RPL12 and RPL19 were involved in nonhost 
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resistance and to play minor roles in the basal defense (Nagaraj, Senthil-Kumar, Ramu, Wang, & 
Mysore, 2015). Four siRNA loci with known defense-related target annotations had their 
expressions changed after rust infection, suggesting a potential siRNA regulation undergoing in 
the soybean rust interaction. This data provides a new perspective of how siRNA might be 
involved in the disease resistance.  
     Cross-kingdom communication has been discovered between host plants and fungal 
pathogens (Han & Luan, 2015; M. Wang, Weiberg, & Jin, 2015; Weiberg & Jin, 2015). It was 
shown that Botrytis cinerea small RNAs (Bc-sRNAs) was able to be translocated into plant cells 
and suppress host immunity, and to achieve infection by hijacking the host RNAi pathways 
(Weiberg et al., 2013). Later, researchers have also shown plant-derived small RNAs were able 
to transfer into fungal cells and attenuated the pathogenicity and growth in the A. thaliana and B. 
cinerea interactions (M. Wang et al., 2016).  This cross-kingdom small RNA communication, 
especially the plant-derived small RNA to silence pathogen genes, could be engineered as tools 
to achieve plant resistance against various pathogens and pests (M. Wang et al., 2015). In this 
study, a high percentage of small RNAs sequences could be aligned to the rust genome in all the 
samples, supporting the hypothesis that soybean-derived small RNAs could possibly interfere 
with rust gene expression if up-taken by the pathogen. The small RNAs that could be aligned to 
both the rust and soybean sequences were considered as soybean origin because of their 
expression in the mock treated samples. However, experimental validation is required to prove or 
disprove this hypothesis. Also, because of the nature of biotrophic fungi and the intimate relation 
that has evolved, it is also possible that the rust genome has soybean sequence homologs. A 
high-quality draft genome is necessary for a more complete understanding of this soybean-rust 
small RNA communication.  
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CHAPTER 4: CANDIDATE GENES FOR RPP1 AND THE POSSIBLE MECHANISM 
OF RPP1 DOMINANT SUSCEPTIBLE  
 
Introduction 
 
 Rpp1 is one of the soybean loci that confers resistance to the phytopathogenic fungus, 
Phakopsora phachyrhizi, which causes Asian soybean rust (ASR) disease and severe economical 
damage every year (Yamaoka, 2014).  Due to different Rpp1-carrying soybean genotypes 
reacting differently when challenge with different fungal isolates, it has been suggested that 
different Rpp1 alleles may exist in different soybean genotypes because they all map physically 
very close to each other (Bromfield & Hartwig, 1980; Chakraborty et al., 2009; Hyten et al., 
2007; Kim et al., 2012; Ray et al., 2009). The resistant allele, Rpp1, is inherited dominantly over 
the susceptible allele, rpp1, suggested by the 3:1 phenotypic segregation ratio in the F2 
population in previous publications. However, in some situations, Rpp1 seemed to showed 
incomplete dominance, in which the homozygous resistant genotype showed an immune 
phenotype, but the heterozygous genotype showed a red-brown (RB) lesion phenotype (Ray et 
al., 2009).  
 A breeding line, TMG06_0011, was discovered at a Brazilian commercial producer, and 
was shown to invert the dominance of ASR resistance, and specifically to the resistance 
conferred by the Rpp1 locus, such that susceptibility became dominant over resistance, and also 
in a 3:1 ratio (Garcia et al., 2011). PI 594760B was used as the resistant source and crossed with 
TMG06_0011 in order to map the resistance locus. However, an unusual genetic behavior was 
observed in which the dominant resistant Rpp1 allele became recessive after the cross. The F1 
generation from PI 594760B X TMG06_0011 was susceptible to the Brazilian rust isolate. The 
segregation ratios strongly supported the present of a single susceptibility gene controlling the 
resistance in the population. The inversion of the dominance was found to be unique to Rpp1 and 
did not affect other Rpp loci. PI 561356 was proven to have a resistant Rpp1 allele (Kim et al., 
2012), and was also used as resistance source to cross with TMG06_0011, and resulted again in 
susceptible F1 plants suggesting the inversion of resistance gene dominance. The resistant plants 
from F2 population, assuming it is homozygous with the single recessive resistant gene, was 
backcrossed to the TMG06_0011 as well as a out group susceptible check, CD205. The F1 plants 
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from the backcross of TMG06_0011 showed TAN lesions, whereas the F1 plants from the cross 
of CD205 were all resistant to the rust isolate. The segregation ratio of F2 plants from two 
crosses further confirmed the hypothesis of a single locus involved in the resistance and 
inversion of resistance (Garcia et al., 2011). 
 One possible hypothesis is the production of small RNA to the dominant susceptible rpp1 
allele in TMG06_0011, such that the dominant susceptible genotype would trigger the 
transcriptional or posttranscriptional silencing of the resistant Rpp1 allele. A possible source of 
small RNA formation would come from the transcription of inverted repeats. Many of these 
inverted repeats are dominant silencing loci, repressing the expression of homologous genes 
(Muskens et al., 2000). Another possibility of small RNA formation is due to two antisense 
genes that transcribe divergently towards each other such that double strand RNA could form 
when transcriptional read-through occurs without stopping (Borges & Martienssen, 2015). 
 Understanding the mechanism behind this dominant susceptible genotype could help 
identify the candidate Rpp1, since it is likely that the dominant susceptible rpp1 allele is just a 
modified susceptible rpp1 allele as it maps to the same region. Another benefit from identifying 
the gene responsible for this dominant susceptible phenotype is that the gene structure should 
give clues to the possible identification and mechanism of a functional Rpp1 protein.  
 
Material and Methods 
 
• RNA sequencing and data analysis 
 
 The low quality bases and sequencing adaptor of all TMG06_0011 samples RNA 
sequencing reads were trimmed off using Trimmomatic (Bolger et al., 2014). Trimmed reads of 
six TMG06_0011 samples were merged and aligned to the current soybean genome, 
Gmax_275_Wm82.a2.v1 using STAR aligner (Dobin et al., 2013). The visualization of RNA-
Seq read alignments was done in IGV_2.3.91 (J. T. Robinson et al., 2012) 
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• Real-time qRT-PCR 
 
 The Rpp1 locus is narrowed down to two potential regions based on mapping results of 
PI 561356 (Kim et al., 2012) and personal communication with Alexandre Garcia. The first 
region contains three canonical R genes: Glyma.18G281500, Glyma.18G281600, 
Glyma.18G281700, which have nucleotide-binding site and leucine-rich-repeat domains (NBS-
LRR) and are annotated as disease resistant genes based on the latest soybean assembly 
Gmax_275_Wm82.a2.v1 (Schmutz et al., 2010). The second region contains one canonical R 
gene: Glyma.18G283200, which is an NBS-LRR protein and annotated as a disease resistant 
gene as well in the genome. Primers for these four Rpp1 candidate genes were designed based on 
the reference genome sequences and de novo assembly contig sequences from the previous RNA 
sequencing project (Chapter 2). Primer specificity was checked using Primer-BLAST (Ye et al., 
2012) and an in-house Perl script.  
 Two different experiments were done to investigate the expression these four Rpp1 
candidate genes. In the first experiment, PI 561356, PI 594760B and TMG06_0011 inoculated 
with a rust isolate collected from soybean field in Brazil. The inoculation was performed on 
individual plants. After inoculation or mock treatment, leaf samples were collected along the 
time course: 0, 16, 24, 62, and 92 hours post inoculation (hpi). PI 561356 and PI 594760B were 
used as Rpp1-mediated resistant genotypes, which showed the immune phenotype after 
inoculation with this Brazilian isolate. William 82, William82 + Rpp1 (PI 200492) isoline and 
rust isolate Dayton 13 (collected from Dayton, Alabama in 2013) were used in the second 
experiment. William82 + Rpp1 showed an immune response to the Dayton13 isolate. Inoculation 
was done using a detached-leaflet assay. Samples were collected along the time course: 0, 24, 72, 
and 96 hpi or mock treatment. After 24 hours of dark treatment, the leaf samples were put into a 
growth chamber with 12h-12h light-dark cycles. The 0h in this experiment was actually collected 
at 48h and received the 24 hour dark treatment and a cycle of 12-hour light-dark diurnal 
treatment. Three biological replications were included in the both studies.  
 Total RNA extraction was conducted using TRIzol (Ambion) followed with ethanol 
precipitation as described by the manufacture. 10 ug of each total RNA sample was treated with 
DNase I at 37°C for 30 min to remove genomic DNA, and then cleaned using RNeasy column 
purification kit (Qiagen). cDNA synthesis was performed using SMART MMLV Reverse 
!42!
Transcriptase (Takara Bio Company), and the manufacture protocol. The Fluidigm real-time 
PCR ending with standard melting curve analyses were done by the Roy J. Carver Biotechnology 
center in the university of Illinois at Urbana-Champaign. Relative quantification was performed 
using a standard curve analysis, and the gene expressions were normalized to the quantity of the 
constitutively expressed soybean genes, CONS15 (Libault et al., 2008). The log2 fold change 
between resistant genotypes was calculated by dividing the relative expression of the resistant 
samples by the expression of the susceptible samples.   
 
• Fosmid library construction and screening 
 
 Soybean genomic DNA was isolated and purified using the CTAB method (Clarke, 2009) 
followed by RNase treatment and phenol-chloroform cleanup. Plant material included PI 
561356, PI 594760B (both PIs from the USDA Soybean Germplasm Collection, Urbana IL), and 
breeding line TMG06_0011 (TMG, Tropical Melhoramento e Genética, Cambé, Brazil).  Fosmid 
libraries from each genotype were constructed using a CopyControl HTP Fosmid Library 
Production kit with the pCC2FOS vector (purchased from Epicentre Bio- technologies), 
according to the manufacturer’s instructions. Each library was split into 30 primary pools, and 
put at -80°C for storage.  
 A PCR based method was used for screening the fosmid libraries. The primers were 
designed based on the soybean reference genome Gmax_275_2.0, and PCR products were 
sequenced to check the specificity. ExTaq DNA Polymerase (purchased from TaKaRa company) 
was used in the PCR reaction, following the manufacturer’s instruction. Prior to the PCR 
reaction, 1µl of bacteria from each pool was diluted 20 times and boiled for 10 m in the PCR 
machine. The PCR reaction only took 2 µl of the boiled bacteria solution as DNA template. Once 
the positive signal was identified in one or several pools, the pools were then diluted and plated 
into 10 secondary pools. The screening kept moving on until the single colony was identified as 
having the target sequence.  
 Isolated fosmids were sequenced on MiSeq with Nano V2 chemistry, which generated 
250 nt long paired-end reads. The assembly of the fosmids was done using SPAdes 3.9.0 
(Bankevich et al., 2012) with default settings. The contigs were then compared to the reference 
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genome using BLASTn and MUMmer 3.0 (Kurtz et al., 2004) to detect structure variation, such 
as insertions, deletions and inversions.   
 
• Whole genome sequencing of TMG06_0011 using 10X genomics 
 
 The genome of TMG06_0011 genotype was sequenced using 10X Genomics Chromium 
technology. The de novo assembly was performed using software program Supernova (freely 
available from 10X Genomics). Ragout 2.0 (Kolmogorov et al. 2014) was used to scaffold 
contigs into chromosome level scaffolds. Repeats were identified by RepeatMasker and 
RepeatModuler. The gene predictions were made using BRAKER1. 
 
Results 
 
•  Statistics of Fosmid library  
 
  The summary of three fosmid libraries is shown in the table 4.1. Library PI 561356 had 
the best quality, with a 0.99 probability of covering the entire genome. Library PI 594760B and 
TMG06_0011 had 0.78 and 0.89 probabilities to cover the genome, respectively.  
 
•  Gene and small RNA expression of the one of the candidate Rpp1 genes: 
Glyma.18G283200 
 
   Glyma.18G283200 did not show differential expression at the gene level in the RNA 
sequencing data as shown in Figure 4.2A. The three genotypes all had similar expression of 
Glyma.18G283200 in every treatment, expect at 72 hpi of PI 594760B. The expression of the 
siRNA cluster predicted to be targeting Glyma.18G283200, shown in Figure 4.2B, did not show 
a high expression in the TMG06_0011 genotype. On the contrary, this siRNA locus showed 
higher expression in two resistant genotypes compared to the dominant susceptible genotype, 
therefore did not match the hypothesis that the rpp1 allele in the susceptible TMG06_0011 
generates abundant small RNA therefore silencing the Rpp1 allele expression from the resistant 
genotypes.  
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•  Clone one of the Rpp1 candidates, Glyma.18G283200 from PI 561356 
 
  The soybean gene, Glyma.18G283200, was chosen as one of candidate genes for Rpp1 
because of the effect of dominant susceptible (personal communication with Alexandre Garcia). 
Fosmid clones were screened in all three genotypes, however, the primer targeted the 
homologous region in PI 594760B, and the fosmid from TMG06_0011 could not be assembled 
into large pieces. PI 561356 is the only genotype that had correct fosmids screened and 
assembled. The fosmid was assembled using SPAdes and resulted in 1 single contig that was 34 
kb. Glyma.18G283200 is annotated as a disease resistant gene in the Gmax_275_Wm82.a2.v1, 
and the predicted gene product in the W82 genome has an NBS domain and a low-confidence 
LRR domain. Since, the reference genome is susceptible to ASR, the Rpp1 gene might be 
truncated or missing. The Glyma.18G283200 in the PI 561356 also has an NBS and low-
confidence LRR domains. The equivalent gene in the dominant susceptible genome, 
TMG06_0011 has a different configuration of protein domains revealed by the whole genome 
sequencing and does not have any conserved domain in NCBI and PFAM database. The protein 
domains of the gene in reference genome, PI 561356 are shown in the Figure 4.1. The amino 
acid alignment of the Glyma.18G283200 among three genotypes is presented in the figure 4.3, in 
which the relatively low protein sequence similarity was observed between TMG06_0011 and PI 
561356.  
 
•  The structure of another Rpp1 candidate locus containing three putative R genes  
 
  In the neighborhood of Glyma.18G283200 is another Rpp1 candidate locus, ranging from 
56,238,312 to 56,334,560 bases in the soybean reference genome on chromosome 18 (Kim et al., 
2012). This candidate region contains three predicted NBS-LRR genes: Glyma.18G281500, 
Glyma.18G281600 and Glyma.18G281700. These three genes all contain an Ulp1 protease 
domain, a NBS domain and leucine rich repeat domain, with ~85% protein sequence identity to 
each other (Table 4.2). Based on mapping and the soybean reference genome annotation, these 
three genes are good candidates of Rpp1 gene, as suggested by Kim et al. (2012). However, it is 
still possible that the real Rpp1 gene is missing in the reference genome because the William82 is 
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susceptible to ASR. Interestingly though, this region in TMG06_0011 was predicted to be quite 
different from the reference genome, further enhancing the probability that this region a primary 
candidate for the Rpp1 gene. In the TMG06_0011 genome, rather than having three highly 
similar NBS-LRR genes, the genome and RNA-Seq assemblies predicted only a single NBS-
LRR gene in this region. The gene (g59766) in TMG06_0011 spans 8657 bp, and is predicted to 
to be 3915 nt long and to have 6 exons encoding for an Ulp protease domain, a NBS domain and 
a leucine rich repeat domain (Figure 4.4). The nucleotide sequence similarity among the cDNA 
sequence of g59766 in the TMG06_0011 genome and cDNA sequences of the three NBS-LRR 
genes in the soybean reference genome is above 90% in every pairwise comparison (table 4.3). 
The top BLAST hit of the g59766 in the soybean reference genome is Glyma.18G281600.  
 The transcriptomes of PI 594760B, PI 561356, and TMG06_0011 were reconstructed 
using StringTie 1.3.3 (Pertea et al., 2015). From the reconstructed transcriptome, there was only 
one NBS-LRR gene in the candidate Rpp1 region in every soybean genotype, where the 
reference William82 predicted the existence of three tandem NBS-LRR genes. The gene 
corresponding to this region (Glyma.18G281500-Glyma.18G281700 in the reference genome) is 
called B.69098, TMG.70684 and J.62169 in PI 594760B, TMG06_0011, and PI 561356, 
respectively. Possibly due to some rearrangement events and some structure variations that differ 
between TMG06_0011 and the reference genome, StringTie could only assembly DS.70684 into 
pieces with many different transcripts. Two transcripts, DS.70684.1 and DS.70684.6 hold NBS-
LRR protein domains and Ulp-protease, respectively. 
 The protein sequence alignment is shown in the Figure 4.5, where TMG_10X represents 
the gene annotated in the 10X whole genome-sequencing project, B.69098. TMG.70684, and 
J.62169 mean the genes reconstructed by StringTie using previous RNA sequencing data for PI 
594760B, TMG06_0011, and PI 561356, respectively, and Glyma.18G281500 represents the 
gene in the soybean reference genome. As shown in the figure, the majority of the protein 
sequence could be aligned together; however, both TMG06_0011 genes, from whole genome 
assembly annotation and StringTie reconstructed transcript, are missing a string of 14 E’s 
(glutamic acid) in the alignment.   
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• Gene expression of one of the candidate genes, Glyma18G281500 after rust infection 
 
 The expression of Glyma.18G281500 after rust infection is shown in the Figure 4.6. As 
presented in the figure, the expression of the gene in the dominant susceptible genotype, 
TMG06_0011 is always higher than other two resistant genotypes, except at the time point 72-
hour after inoculation.  
 
Discussion 
 
 Rpp1, first identified in PI 200492, is noted as a soybean resistance gene against P. 
pachyrhizi, the casual agent of ASR (Bromfield & Hartwig, 1980). It was mapped to the soybean 
chromosome 18 between SSR markers BARC_Sat_187 and BARC_Sat_064 (Hyten et al., 2007). 
Subsequently, PI 594538a, PI587886, PI 587880A, PI 561356, and PI 594760B were identified 
as resistant to the pathogen, and the resistant loci were all mapped in the region close to Rpp1. 
However, they were considered as different resistant alleles from the original Rpp1 because they 
showed different phenotypes after challenging with different isolates (Chakraborty et al., 2009; 
Garcia et al., 2011; Kim et al., 2012; Ray et al., 2009). This observation fits Flor’s gene-for-gene 
hypothesis (Flor, 1971) and modern plant-microbe interaction theories (Chisholm, Coaker, Day, 
& Staskawicz, 2006; Lo Presti et al., 2015) which both place an emphasize on the interaction 
between pathogen effectors and plant R genes for biotrophic pathogen, such as P. pachyrhizi. 
The different resistance reactions could also be to other factors present in the different rust 
isolates. The resistant plants rely on R proteins to detect pathogen effectors or their activities, 
and successful pathogens evolve new or modified effectors to avoid being detected by plants R 
genes. In the situation of Rpp1, some plants are resistant to certain rust isolates, but susceptible 
to other rust isolates, and this could be the result of mutation or loss of the rust AvrRpp1 
effector(s). Under strong selection pressure, some plants also had mutation and duplication and 
rearrangement in the R genes so that a new one emerged that had became resistant to those rust 
isolates again.  
 The resistant Rpp1 alleles were dominant in the previous mapping studies; however, an 
unusual inheritance mode was observed in the susceptible genotype, TMG06_0011 which 
inherited dominantly over the Rpp1-carring resistant soybean genotypes, PI 594760B and PI 
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561356 (Garcia et al., 2011). For the TMG06_0011 to become dominant susceptible, the plant 
most likely has the rpp1 allele, or a gene close to Rpp1 and unique to TMG06_0011, as this 
susceptibility trait mapped to the region of Rpp1. After manually scanning the gene annotation in 
the Rpp1 region in the TMG06_0011 genome, genes that were novel in this Rpp1 region in 
TMG06_0011 were not found. In this situation, it has a high possibility that TMG06_0011 has a 
modified rpp1 gene that affects the Rpp1 gene in the resistant genotypes. The first hypothesis of 
dominant susceptible mechanism was that the susceptible rpp1 allele from TMG06_0011 
generated abundant Rpp1-binding small RNAs such that the resistant Rpp1 allele would be 
silenced. The source of small RNA was hypothesized to be two overlapping antisense genes, 
with one of them being the real Rpp1 gene, leading to double-stranded Rpp1 RNA, similar to that 
seen in the ii locus affecting seed color (Clough et al. 2004). Following this hypothesis, 
Glyma.18G283200 was chosen as a candidate gene for Rpp1, as it is oriented divergently to 
another gene, such that antisense Glyma.18G283200 might be generated by transcriptional read-
through. However, after exhaustive searching, the gene expression and small RNA expression of 
Glyma.18G283200 did not match this hypothesis. Subsequently, the whole genome sequencing 
and assembly was done for TMG06_0011 to see more clearly what is in this region of the 
genome. The gene annotation showed that Glyma.18G283200 is not overlapped with the 
upstream antisense gene in the TMG06_0011 genome. Both expression data and sequence 
structure did not support the hypothesis that small RNA made TMG06_0011 dominant 
susceptible.  
 Another possible mechanism of the dominant susceptible is that the rpp1 protein from 
TMG06_0011 physically interacts with the resistant Rpp1 protein and disrupts the function of 
Rpp1 protein. Evidence has shown that the flax resistance protein, L6 most likely forming a 
homodimer in order to perform signal transduction (Bernoux et al., 2011). Self-association was 
also observed in the TIR domain in the Arabidopsis RPS4, the resistant gene against 
Pseudomonas syringe (Zhang et al., 2016). The observation of incomplete Rpp1 dominance from 
the previous literature also supports the hypothesis that Rpp1 might function as a dimer. For 
instance, in PI 587886 and PI 587880A the homozygous Rpp1 resistance plants show an immune 
phenotype, homozygous susceptible plants show TAN lesions, and the heterozygous Rpp1 plants 
show a RB lesion (Ray et al., 2009). It is possible that in the Rpp1 heterozygous plants, the 
protein from the resistant allele and the protein from susceptible allele form a dimer-complex 
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that has lower efficiency in inducing defenses in response to the rust effector AvrRpp1. 
Following this dimer hypothesis, a possible mechanism of dominant susceptible is that the 
protein from the dominant susceptible allele totally disrupts the dimer-complex such that the 
complex can not function. Additionally, to account for the susceptible phenotype of the 
heterzygote, the dominant susceptible protein would have to be present in a much higher 
abundance to negate the effect of possible functional Rpp1 dimers being produced and able to 
induce an effective defense response, or that the dominant susceptible protein has a high affinity 
to associate with the resistant protein such that the dimer in the heterozygous state does not 
readily disassociate.  
 The Rpp1 gene in PI 561356 was mapped to a 1cM region by SSR markers (Kim et al., 
2012), in which there are three NBS-LRR genes in the soybean reference genome: 
Glyma.18G281500, Glyma18G281600 and Glyma.18G281700. However, according to the 
TMG06_0011 genome, there is only 1 NBS-LRR gene in the same area as those three NBS-LRR 
genes. The reconstructed transcriptome of TMG06_0011 using HISAT2 and StringTie also 
supported that there is only one NBS-LRR gene in the region. Similar to TMG06_0011, 
sequence from RNA-Seq contigging to this region in resistant genotypes also showed only one 
NBS-LRR gene in the region. The amino acids sequence alignment of this gene among three 
genotypes showed consistently that TMG06_0011 is missing a string of 14 consecutive E’s 
(glutamic acid) in the NBS domain area. Since glutamic acid is negatively charged, a string of 
negative residues could potentially provide a binding pocket for cations or positively charged 
ligand (Katti, Sami-Subbu, Ranjekar, & Gupta, 2000).  Therefore, if this is the rpp1 of 
TMG06_0011, missing a string of E’s could result in the disruption of protein-protein binding as 
in an Rpp1 dimer or Rpp1 plus another unknown protein, or it could also lead to a non-
functioning protein if this region is needed for function (i.e. binding of a positively charged 
inducer, such as calcium). The expression of this Rpp1 candidate, Glyma.18G281500, is 
consistently higher in the dominant susceptible genotype compared to both resistance genotypes, 
as RNA levels were higher in TMG06_011 than in the PI’s. This observation fits the hypothesis 
that overwhelming dominant susceptible protein binds to a functional resistant protein to 
inactivate it, and minimizing the numbers of functional Rpp1 dimers that could self-associate in 
the heterozygous plants. However, more evidences are needed to fully support this hypothesis.  
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Figure 2.1A Amino sugar and nucleotide sugar metabolism pathway. Genes from my RNA 
sequencing results were color-coded.  
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Figure 2.1B Flavonoid biosynthesis pathway. Genes from my RNA sequencing results were 
color-coded. 
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Figure 2.1C Phenylpropanoid biosynthesis pathway. Genes from my RNA sequencing results 
were color-coded. 
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Figure 2.2 The pair-wise correlation of each samples. The color of the number is associated with 
the strong of the correlation. 
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Figure 2.3 The pair-wise correlation of each sample without sample B_72hpi. The red blocks 
indicate the correlations within the sample genotypes. The red squares represent the correlation 
among three mock treatment samples. 
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Figure 2.4 The GO enrichment analysis of the GlymaID in the gene of interest table 
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Figure 2.5 The distribution of gene functional categories of the differentially expressed genes 
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Figure 2.6 The distribution of gene functional category in three soybean genotypes 
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Figure 2.7 The heatmap of the genes that showed differential expression along the time course 
compared to the mock samples. The genes are ordered by the functional categories, and the 
percentage of each category is calculated and showed in the figure.  
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Figure 2.8 The percentage of the direction of gene expression after rust infection 
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Figure 2.9 The overall heatmap of two resistance PI versus the susceptible genotype 
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Figure 2.10 The heatmap of genes that were consistently higher expressed in two resistant 
genotypes. 
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Figure 2.11 Fourteen genes that both had higher expression in two resistant genotypes and were 
considered as rust responsive 
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Figure 2.12 Real-time qRT-PCR validation of 15 soybean genes 
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Figure 3.1 The size distribution of reads after QC, size selection and structural RNA removal 
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Figure 3.2 The gene expression relationship between 3 miRNAs and their targets 
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Figure 3.3 Sequence alignments of 3 miRNA and their targets 
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Figure 3.4 The expression changes of 5 miRNA along the time course 
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Figure 3.5 Correlation Plot of siRNA expression among all the samples. 
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Figure 3.6 The distribution of siRNA loci in the soybean reference genome. 
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Figure 3.7 Nine siRNA loci that changed their expression after rust infection
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Figure 4.1A The protein conserved domain of Glyma.18G283200 in the soybean reference 
genome, Gmax_275_a2_v1. 
 
 
 
Figure 4.1B The protein conserved domain of Glyma.18G283200 in the PI 561356 genome
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Figure 4.2A The gene expression of Glyma.18G283200 after rust infection in the RNA 
sequencing data 
 
 
Figure 4.2B The expression of Glyma.18G283200-hitting siRNA cluster after rust infection 
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Figure 4.3A Protein Sequence alignment of Glyma.18G283200 in TMG09_0011 and PI 561356
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Figure 4.3B Protein sequence alignment of Glyma.18G283200 in PI 561356 and soybean 
reference genome 
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Glyma.18G281500! Glyma.18G281600! Glyma.18G281700!
Glyma.18G281500! 100! 86.53! 84.67!
Glyma.18G281600! 86.53! 100! 89!
Glyma.18G281700! 84.67! 89! 100!
  
Table 4.2 Protein Sequence Percent Identity Matrix of three tandem NBS-LRR genes in the 
soybean reference genome
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Figure 4.4 The conserved protein domain in the Glyma.18G283200 according to the soybean 
reference genome
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Figure 4.5 Partial protein sequence alignment of one of the Rpp1 candidates, Glyma.18G281500
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Figure 4.6 The Gene expression of Candidate Rpp1 gene, Glyma.18G281500 
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